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PREFACE 


The work described in this report was performed by the Information 
Systems Division of the Jet Propulsion Laboratory under the cognizance of 
the Voyager Project. 

Documents outlining the conditions and requirements of the test program, 
which make up Appendixes A through E of this report, will be published as 
Volume II. These Appendixes are as follows: 

Appendix A — Electron Simulation Radiation Test Specification for 
Voyager Electronic Parts and Devices 

Appendix B — Electronic Piece-Part Testing Program for Voyager 

Appendix C — Test Procedure for Radiation Screening of Voyager 
Piece Parts 

Appendix D — Boeing In Situ Test Fixture 

Appendix E — Irradiate - Anneal (IRAN) Screening Documents 

The Voyager Project was formerly designated the Mariner Jupiter /Saturn 
1977 Project, and some of the publications cited in this report bear 
the earlier Project nomenclature. 
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29 
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ABSTRACT 


In the final report for the Voyager parts radiation program, the 
program philosophy, radiation, environment, device hardening efforts, 
and radiation test methods are discussed in detail. In addition, the 
results of characterization testing and sample screening of over 200 
device types, in a radiation environment, are summarized. 
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SECTION I 
INTRODUCTION 


This final report summarizes the parts radiation program for 
the Voyager spacecraft which will be launched in 1977 and will pass 
Jupiter in 1979. Pioneer spacecraft have measured large fields of 
electrons and protons trapped in Jupiter's magnetic field. Because 
these radiation fields are potentially damaging to the sophisticated 
electronic systems of Voyager, a program to radiation-harden the systems 
was necessary (see Section II, Radiation Environment, and Section VI, 

Device Hardening). 

The purpose of the parts radiation program was to provide devices 
capable of meeting the environmental requirements or, if necessary, 
to provide data from which to determine how to harden the circuits 
or to shield the parts. In the device characterization tests, the 
general radiation sensitivity levels of approximately 200 different 
device types were determined under the specific bias conditions used 
in the spacecraft. More than 230 integrated circuit (IC) and transistor 
radiation screening tests were conducted, and more than 13,000 CMOS 
devices were radiation screened (see Section IV, Electronic Parts Radiation 
Program) . 

The electron radiation was provided by a 2.0- to 2.5-MeV Dynamitron, 
and in the case of the CMOS and the Irradiate-Anneal (IRAN) program, 
a cobalt 60 source was used (see Section V, Radiation Testing and Dosimetry). 
The devices were always electrically biased during irradiation, using 
the worst-case spacecraft circuit conditions and measured in situ within 
5 min after the end of radiation exposure. The majority of the circuits 
had been designed before the necessity for considering the radiation 
environment was understood. Consequently, the first step was a worst- 
case analysis of the completed designs, making use of an existing radiation 
effects data base. This was -supplemented as rapidly as possible by 
data from device characterization tests more representative of the 
Jupiter radiation environment. 

The results of the analysis and characterization tests led to 
circuit redesign, the substitution of harder components, spot shielding, 
and a comprehensive screening program. This multifaceted screening pro- 
gram was designed to ensure that the flight devices performed in the 
same manner as the devices in the characterization tests (see Section III, 
Radiation Program Philosophy). Because of time and cost restraints, only 
those devices from the Voyager parts usage that were known to be sensitive 
to radiation were tested. Section VII covers the characterization test 
results, and Section VIII covers the screening test results. 

Complete detailed test results for the individual device types 
are presented in Reference 1-1 . 
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•SECTION II 
RADIATION ENVIRONMENT 


A . INTRODUCTION 

The Voyager spacecraft was designed to function within specification 
during and after exposure to Earth and Jupiter radiation belts, large 
solar proton events, solar wind protons, galactic cosmic radiation, 
and radiation from the Radioisotope Thermoelectric Generators (RTG) 
and Radioisotope Heater Units (RHU). The greatest radiation damage 
to the electronics is caused by the electrons of the Jupiter belts. 

B. EXTERNAL NATURAL SPACE RADIATION 

The Jupiter radiation model is based on the results of the three 
Pioneer 10 and 11 particle experiments. 

The electron spectra were derived using the results of integrations 
along the Jupiter-Saturn-Io (JSI) trajectory including peak fluxes. The 
proton spectra were derived using the results of integrations along the 
Jupiter-Saturn-Ganyraede (JSG) trajectory. 

The Voyager program is oriented toward an equatorial flyby mission 
with perijove <5 Rj* 

A definition of the environment is shown in Table 2-1. A. more 
detailed description of the external radiation environment may be found 
in Reference 2-1 . 

The solar flare proton fluence made a negligible contribution. 
to the total proton environment except at the very highest energies. 

The 95 percent probability solar flare fluence was considered in the 
characterization of the environment. 


C. 


RTG AND RHU RADIATION 


The RTG and- RHU radiation models were based on the following 
nuclear characteristics: 


RTG Power 

RHU power 

Fuel age 

Fuel form 

when manufactured 


2400 watt Cth) 

1 watt (th) 

10-year-old 238p u 

PPO with 1.2 ppm of 236p u> 232 Ut and 228 Th 


Neutron emission 7 x 1o3 n/s-g 238p u excluding self-multiplication 
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Table 2-1*. Charged Particle and Nuclear Radiation^ 



Bus-Mounted 
and Science 

Electronics 

Instruments 

Non-Bus-Mounted 
Science Instruments 

Environment 

Peak Flux 
(cnT 2 -s“"' ) 
Unshielded 

Fluence 

(cm -2 ) 

Unshielded 

Peak Flux 
(cm -2 “S“ 1 ) 
•Unshielded 

Fluence 

(cm' 2 ) 

Unshielded 

Proton® 

9 x 10? 

5 x 10 12 

9 x 107 

5 x 10 12 


E > 1 MeV 

(20 MeV Eq.) 

E > 1 MeV 

(20 MeV Eq.) 

Electron 

2 x 10 8 

4 x 10 12 

2 x 10 8 

4 x 10 12 


E > 0.4 MeV 

(3 MeV Eq.) 

E > 0.4 MeV 

(3 MeV Eq.) 

RTG and RHU 

4 rad (Si)s 

2 x 105rad(Si) 4 rad(Si)s‘ 

2 x 10 5 rad(Si) 

Neutron 

(1 - 0_<E<.3.0 MeV) 

80 

1 x 10 10 

10 

1 x 10 9 

RTG and RHU 

Gamma 

(0.3<£<3.0 MeV) 

3200 

1 x 103c 

350® 

100° 


a From Table 18, "Functional Requirement, Mariner Jupiter/Saturn 1977 
Environmental Design Requirements," MJS77-3-240, Jet Propulsion 
Laboratory, Pasadena, Calif., March 14 , 1975 (JPL Internal Document). 

^Proton flux and fluence assume a 1-MeV cutoff. Proton levels for 
true external surface problems will be higher than those above. The 
level is 3*1 x 10® rad (Si). 

c lonization dose controlled by electron and proton environment . 

®Value for scan platform instruments location . 


The neutron fluence and gamma dose values shown in Table 2-1 are Integrated 
values over 4 years and are total spectrum values having an average 
energy in the ranges of0.3<.E<.3-0 MeV for gammas and 1.0 <_ E <. 3.0 MeV 
for neutrons. 
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D . INTERNAL ENVIRONMENT 

The internal environment is dominated by the penetrating electrons, 
which generate surface ionization effects in semiconductor devices 
as well as rate effects in sensitive optical devices. The contribution 
of the electrons to displacement damage is very small . The total internal 
proton fluence is insufficient to cause significant displacement damage, 
and the ionization effects caused by protons are much less than those- 
caused by electrons. The neutron fluence from the RTG's and RHU's is 
insufficient to cause significant displacement damage. The ionization 
effect caused by the gamma-rays from the RTG's and RHU's is much less 
than that of the electrons. 

The levels in Table 2-1 are external (unshielded) environments 
containing no margins . Parts environments were controlled by the appli- 
cation of shielding as required, to satisfy the established design 
margins. The radiation design margin is defined as the ratio of the 
part (or component) capability in a given current application to the 
local ambient environment. For Voyager, the radiation design margin 
for electrons was based strictly on dose, since ionization is the dominant 
damage mechanism. The electron dose radiation design margin was 2 
for engineering subsystems and the imaging science subsystem and was 
a minimum of unity for all other science instruments. For protons, 
where displacement damage is of most concern (except for exterior spacecraft 
surfaces) the radiation design margin was based on displacement fluence 
and was the same as that applied to electron dose for the subsystems 
listed. The radiation design margin for interference effects was related 
to charged particle flux and is the same as is defined above for the 
engineering and science subsystems, except for the imaging subsystem, 
where the radiation design margin for flux was unity. 

In addition, electronic parts had to be capable of operating 
within limits specified by the cognizant engineer for the particular 
functional application, during and after exposure to the radiation 
levels shown in Table 2-2. 

If the electronic parts did not satisfy these requirements or 
if spot shielding had to be added to provide the radiation design margins, 
waivers were written by the cognizant engineer of the subsystem in 
which the discrepancy existed. The waiver contained the proposed design 
values for parts capability and shielded environment, and an estimate 
of added shielding mass, if any. These waivers provide a permanent 
record of special radiation design requirements, a control mechanism 
for shielding mass allocations, and a systematic method of reviewing 
and controlling special shielding requirements. 
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Table 2-2. Electronic Parts Capability 


Environment 

Displacement Damage 

Ionization Damage 

Proton 

1 x 10 10 p/cm 2 (20-MeV equivalent) 

Electrons dominate 3 

Electron 

Ionization dominates 

60 krad(Si) 

Neutron 

1 x 10^0 n/cm 2 (1-MeV equivalent) 

Negligible effect 

Gamma 

Negligible effect 

Electrons dominate 

a Except for 

true external spacecraft surfaces. 
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SECTION III 

RADIATION PROGRAM PHILOSOPHY 


A. GENERAL CONSIDERATIONS 

sg 

The Voyager radiation program was intended to provide confidence 
that the spacecraft will perform within acceptable limits during and 
after Jupiter encounter and at Saturn, within a limited allowance for 
radiation effects , This was achieved by limited investigations of 
known sensitive areas. 

The investigations were conducted primarily at the parts level, . 
with limited circuit tests to assess interference effects. Subsystem 
tests were not carried out except on a very limited basis during the 
early phases of the program. Subsystem tests are generally ineffective 
due to insufficient sample size, parametric variations with lot, and 
inadequate analysis of extreme conditions including minimum pre- irradiation 
specifications, temperature and aging effects. 

Most of the characterization data were obtained with a monochromatic 
2.5-MeV electron beam from a Dynamitron. Although this differs sub- 
stantially from the exponential Jupiter spectrum, the effects are prac- 
tically the same, since total dose effects depend only on the energy 
absorbed by the device in rad(Si). Although the tests were carried 
out at flux rates at least one order of magnitude greater than those 
experienced in the Jupiter environment, this fact does not in any way- 
change the magnitude of the effects, and this was experimentally verified 
in several instances. Synergistic effects are not expected to play . 
any role in the Jupiter environment. 

The overall program was carried out in three phases as shown 

below: 

Phase I - Circuit design analysis. 

- Device radiation characterization. 

- . Shielding analysis . 

Phase 2 - Substitution of components. 

- Circuit redesign. 

- Shielding analysis and additional shielding. 

- Modification of components. 

Phase 3 - Screening of sensitive flight devices. 

The majority of circuits had been designed before the necessity for 
considering the radiation environment was understood. Consequently, 
the first- step was an analysis of the completed designs, making use 
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of an existing radiation effects data base. This was supplemented 
as rapidly as possible by device characterization data more representa- 
tive of the Jupiter radiation environment. A review of the first phase 
of the program led to circuit redesign and the substitution of harder 
components. A multifaceted screening program was instituted to ensure 
that the flight devices would perform as well as the comparable items 
in the characterization tests. 

The ability of the subsystems to meet the radiation environment 
was accomplished by using the following priority: 

(1) Direct replacement of parts from the Voyager parts lists. 

(2) Circuit redesign. 

(3) Radiation-hardened parts, developed through the negotiation 
of special processes and screening. 

(4) Addition of shielding mass. 

The overall approach may be illustrated with reference to bipolar tran- 
sistors, many of which exhibit outliers^ with significantly worse radiation 
behavior (see Section VIII-C-5). A review of the test data, the inherent 
radiation environment at Jupiter, and the worst-case circuit requirements 
led to the identification of specific radiation problems (see Figure 
3-1). A study was then made of the location of the parts with respect 
to the radiation environment so as to evaluate spot-shielding and radiation- 
screening possibilities, new procurements, and schedule needs . Additional 
radiation experiments were performed if required. The problem was 
then reviewed with the subsystem personnel to see if circuit changes 
were possible . A final review with the project- office led to the final 
approach, which usually took the form of selective parts screening, 
selective shielding, or the selection of devices with a high pre-irradiation 
dc gain. 

Device characterization and screening (described in Section IV) 
were handled by the Radiation Effects Group. Hardening by device mod- 
ification (described in Section VI) was attempted for a number of device 
types by the manufacturer. Circuit analysis and radiation shielding 
analysis were carried out by other personnel and are briefly discussed 
here to complete the picture of the total radiation effort. 


"*An "outlier" is defined as a data point that does not fall within 
3cr of. the mean value of that parameter at the lowest value of the 
independent variable. 
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Figure 3-1 . Radiation Evaluation Method 


b. CIRCUIT ANALYSIS 

1 . Worst-Case Analysis 


The radiation parts capability was determined for each application 
by combining the characterization test data described in -Section VII 
with a worst-case circuit analysis. A compilation of such parts capability 
values is given in Reference 3-1. The parts capability is a number of 
krad(Si), which can be compared to the expected dose to determine the 
spot shielding requirements, taking into account radiation design margins. 

A worst-case circuit analysis was performed for all circuits 
of each subsystem to assure that the electronic parts will function 
properly in the radiation environment. These analyses provided an 
efficient means for pinpointing radiation problems and establishing 
areas where design modifications were required. 

The circuit worst-case analysis was required for all designs 
to demonstrate sufficient operating margin for all operating conditions 
of the individual circuits as a combined function of the following: 
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(1) Temperature design limits (typically -20°C to +85°C). 

(2) Piece-part tolerance. 

(3) Part aging and drift. 

(4) Special piece-part factor, such as shock, vibration, or 
vacuum, where such conditions would contribute to variations 
in circuit parameter. 

(5) Voltage and frequency tolerances. 

(6) Radiation environment. 

The worst-case analysis was performed by degrading first for 
temperature and life (aging) and then for radiation to obtain the final 
degraded value . The analysis is a worst case , in that the value for 
each of the variable parameters is set to limits that will drive the 
output to maximum or minimum and also considers ac, dc, and transient 
component effects on the circuit. For circuits consisting entirely 
of interconnected digital integrated circuits, the only consideration 
required for worst-case analysis are fan-out, fan-in, and power supply 
margins, with some considerations to propagation delays and "race" 
conditions. For the latter circuits, radiation analysis was not performed, 
because of the inherent hardness. 

The analysis was conducted by utilizing: 

( 1 ) Schematic representation of the circuit . 

(2) Performance specification for all piece parts. 

(3) Performance criteria for the circuit. 

(4) Description of all operating conditions and environmental 
factors, including radiation effects data for the electronic 
piece parts. 

The analysis was constantly iterated as the design changed, to 
meet the margin requirements. In some cases temperature margin over 
the fuel range of +20°C to +85°C was sacrificed to allow for radiation 
degradation. In the remaining cases, the circuit, or the amount of 
radiation experienced by the part, did not permit this tradeoff. 

Circuit analysis was a valuable tool to identify critical parts 
and parameters so as to assess radiation effects during radiation design 
reviews. The analysis was updated after all design modifications had 
been made and mass shielding had been added to the spacecraft. The 
final analysis provided the basis for establishing that the design 
was adequate from a radiation effects point of view. 
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2. Radiation Reviews 

A preliminary radiation review was conducted for each engineering 
and science subsystem. The purpose of this review was to identify elements 
in the subsystem design that were particularly sensitive to radiation 
effects and to consider design approaches for radiation hardening the 
subsystems where required. The radiation reviews were attended by 
the design engineers, circuit analyst, parts radiation effects personnel, 
and representatives of the System Design Group and Spacecraft Systems 
Manager, who served as chairman. 

The Preliminary Design Review was expanded to assure that the 
radiation design margin was adequately reflected in the design approach. 

The agenda included the results of exploratory radiation tests, the 
proposed packaging design approach to achieve maximum inherent shielding, 
circuit design rules, electronic parts sensitivity and test requirements, 
preliminary shielding analysis, special parts sensitivity, and potential 
effects on system design parameters. 

The Critical Design Review (CDR) was modified to cover the radiation 
hardening solutions. The CDR covered the details of the design analysis, 
packaging approach, and detailed shielding analysis. The CDR included 
radiation problems previously identified and the expected radiation 
design margin. 

A final Project-level radiation review was held in May 1976 in' 
order to review the radiation-hardening program for the engineering 
subsystems and science instruments with respect to the best estimates 
of the radiation environment for three trajectory options. The results 
of the review were used to evaluate the associated mission risk and 
expected science return for these trajectory options in order to select 
the option for targeting. 


C. RADIATION SHIELDING 

1 . Radiation Shielding Requirements 


Radiation shielding was incorporated in the spacecraft bus so 
that the interior bus electronics would not be exposed to radiation 
levels exceeding those in Table 3-1 • 

Shielding was provided so that the radiation design margin (RDM), ; 
which is defined as the ratio of the capability to the shielded environment, 
was 2. Consideration was given to reducing the flux RDM for functions 
that do not jeopardize the mission subsequent to the electron exposure, 
if a significant cost or mass saving is involved. 

For parts that had a capability of less than 60 krad(Si) from 
electrons or 1 x 10*'° p/cm 2 (20 MeV equivalent), spot- shielding was 
added unless it could be shown that the part was not exposed to the 
levels in Table 3-1 and that the RDM of 2 was maintained. 
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For other engineering subsystems and the imaging subsystem, radiation 
shielding (either general mass shielding applied to the subsystem or 
spot shielding applied to sensitive parts) was applied to provide an 
RDM of 2, with the exception that the minimum flux RDM for the imaging 
subsystem was 1 . All other science instruments had a minimum RDM of 1 . 

2. Radiation Shield Analysis 

Radiation levels were estimated for each subsystem, and if other 
hardening techniques were insufficient to raise allowable levels above 
these predicted levels, inherent or added shielding was employed to 
reduce the radiation environment. Because of the large shielding mass 
required to compensate for uncertainties in radiation environment, 
parts effects, and transport analyses, the goal in shielding design 
was to reduce radiation damage risk to shielded circuitry to an acceptable 
level rather than to zero. 

Radiation levels at sensitive component locations were calculated 
using state-of-the-art radiation transport and shielding computer programs. 
Radiation transport calculations for isotropic electron and proton sources 
and spherical or slab shields included multiple scattering effects 
in the forward hemisphere. Fluence and dose attenuation kernels (radiation 
levels as a function of depth) and angular fluxes were generated for 
electrons, protons, and bremsstrahlung . The shielding computer program 
had the capability of parametrically adding shielding to specified 
surfaces in order to reduce the radiation to levels lower than those 
provided by the basic spacecraft geometry. 


Table 3-1 . Bus -Mounted Engineering Shielding Requirements 


Environment Flux Displacement Fluence Dose 


Electron 

RDM 

= 2 

No requirement 

30 krad(Si) 

Proton 



5 x 1C)9 p/cm 2 (20 MeV eq.) 

No requirement 

Neutron 



1 x 1010 n/cm 2 (1 MeV eq.) 

No requirement 

Gamma 

’ 


No requirement 

No requirement 
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3. Radiation Shielding Support 

Maximum radiation levels within all engineering subsystems were' 
provided. Levels encountered by particular parts were computed only 
for those parts that did not meet the requirement of satisfactory per- 
formance at the appropriate safety margin (2 or 1 for engineering or 

science) and then the required shielding was determined. 

D. TRANSIENT IONIZATION EFFECTS (INTERFERENCE) 

We define interference as transient ionization effects that persist 
only while the electronics are being irradiated and whose severity 
is generally proportional to the dose rate. There are four types of 
interference in Voyager electronics: 

(1) Primary photocurrents in low-current-sensitive input stages 
to the electronics. 

(2) Electron emission from cathodes of electron-multiplier- 
type detectors. 

(3) Ionization- induced conductivity in photosensitive materials, 
such as those in the Vidicon detector surface. 

(4) Ionization-induced fluorescence in optical material such 
as detector windows and lenses (fluorescence efficiencies 
vary strongly with the kind of material). 

Interference effects are dependent primarily on the rate of ionization 
energy disposition, i.e., the dose rate measured in rad(Si)/s. At the 
low rates of interest to Voyager, the effects are essentially proportional 
to dose rate. Interference effects at the relatively low peak dose rates 
(less than 10 rad(Si)/s at internal positions) can be important only in 
devices operating at extremely low currents. The effect of ionizing 
radiation on semiconductor devices can be represented by an equivalent 
current generator across reverse biased junctions (primary photocurrent) 
whose magnitude is up to 100 pA for low-power semiconductor devices ex- 
posed to 10 rad(Si)/s and whose magnitude is proportional to the instant- 
aneous dose rate. Devices whose normal operating point is at currents 
in the pA or mA range will not be significantly affected by interferences. 

Sensitive photodetectors capable of detecting single photons 
are sensitive to transient ionization effects. Interference effects 
in such devices must be measured in a separate test program reflecting 
actual operating conditions of the systems. A cobalt 60 source provides 
a suitable radiation environment for this purpose, whereas machines 
generating electrons also provide a source of rf noise that interferes 
with the measurement. 

Interference effects can also occur at the cathode of electron 
multipliers because the quiescent currents are very low and the gain 
between the cathode and electronic circuitry is very high. The flux 
of secondary electrons emitted from a surface by passage through it 
of energetic electrons is about 5 to 1 0% of the incident electron flux. 
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Ionizing radiation will also affect optical materials. During 
excitation by ionizing radiation, a small fraction of the energy deposited 
may be reemitted as fluorescence. Typically, fluorescence efficiencies 
are much less than 1% unless the material has been carefully prepared 
to give high fluorescence efficiencies (e.g., nuclear particle scintillation 
detectors). Higher-purity optical materials (e.g., ultraviolet-grade 
fused silica) tend to have lower fluorescence efficiencies. 

when the foregoing interferences are unacceptable, the following 
corrective techniques can be used: 

( 1 ) Use semiconductor devices with minimum junction area to 
minimize the primary photocurrents . Devices exhibiting 
less than 10 pA at 10 rad(Si)/s are available. 

(2) The use of very pure fused silica, such as the ultraviolet- 
grade materials, will minimize fluorescence. In some materials 
the fluorescence yield is actually less than the Cerenkov 
radiation emitted by the fast electrons. An optical filter 
can sometimes be interposed between the glass and the detector 
to block the fluorescence wavelengths while passing the 
desired optical signal . 

(3) There is no effective means of suppressing secondary electron 
emission from surfaces, other than shielding them from 

the incident electrons. 
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SECTION IV 

ELECTRONIC PARTS RADIATION PROGRAM 
A. PARIS RADIATION CHARACTERIZATION 


1 . Early Work 

The earliest characterization tests on electronic components 
for Voyager grew out of the TOPS program and included low-level neutron, 
proton, and gamma tests, but were not related to the real Jupiter electron 
environment. The Voyager Project committee for materials and parts, 
formed in the beginning of 1974, commissioned some parts tests on the 
LINAC at Intelcom Rad Tech, La Jolla, Calif. At the same time various 
subsystems conducted interference tests on the Boeing Dynamitron. 

This was followed by a parts test on the Boeing LINAC and the cobalt 60 
source at Hughes , Fullerton , monitored by JPL . 

A separate Radiation Group was established at JPL in September 1974. 
All subsequent characterization tests were carried out in situ , using 
the Dynamitron at JPL and at Boeing as radiation sources. The maximum 
fluence was reduced to 1 x 10^3 e/cm 2 in order to reduce the number 
of required data points. A change in the radiation model led to a 
further reduction to 5 x 10 12 e/cm 2 after October 1975. The different - 
experimental programs are summarized in Table 4-1 . 


2. Purpose and Scope 

The parts radiation characterization program was designed to 
determine the radiation sensitivity of a part type' with respect to 
a given application. 

In the Voyager radiation environment, surface ionization effects 
are of prime importance, whereas bulk damage is of minor importance. 

For this reason, radiation tests were conducted on the following parts: 

(1) Those known to be radiation-sensitive, to establish that 
the parts have a failure threshold that exceeds the design 
level of 60 krad(Si) for ionization' damage. 

(2) Those that do not satisfy the above requirement, to establish 
the amount of parameter degradation when exposed to radiation. 


As a minimum, the parts characterization program placed the part 
type in one of the following categories contained in Reference 1-1 
(see Section IV-A-8): 
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Table 4-1 . History of Voyager Radiation Test Program 


Date 

Facility 



Radiation 

Source 

Type 

In Situ 

Max. Total 
Fluence/Dose 

Energy, 

MeV 

Device Types 

Feb. 1974 

Boeing 



Dynamitron 

e 

Yes 

BxlO^e/om 2 

2 

Subsystem 
rate tests 

Feb. 1974 

Intelcom 

Rad 

Tech 

LINAC 

e 

No 

( 2xl0^3e/ era 2 

3 

IC's and 
transistors 

Feb. 1974 

In tel com 

Rad 

Tech 

LINAC 

e 

No 

3xlo^ 2 e/cm 2 

20 

IC ' s and 
transistors 

May 1974 

Intelcom 

Rad 

Tech 

LINAC 

e 

No 

BxIO^e/cm 2 

3 

IC's 

June 1974 

Boeing 



LINAC 

e 

No 

2x1 0^ 3e/ cm 2 

3 

IC's and 
transistors 

Aug. 1974 

Hughes 



CO 60 

r 

No 

600 krad(Si) 

— 

JFET's 

Nov. 1974 

JPL 



Dynamitron 

e 

Yes 

1x10^3e/cm 2 

2.5 

See Section V 

Nov. 1974 

Boeing 



Dynamitron 

e 

Yes 

1x10^3e/cm 2 

2.0 

See Section V 

Oct. 1975 

JPL 



Dynamitron 

e 

Yes 

5x10^ 2 e/cm 2 

2.5 

See Section V 

Oct. 1975 

Boeing 



Dynamitron 

e 

Yes 

5x10^ 2 e/cm 2 

2.0 

See Section V 
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(1) The device is insensitive to radiation, no special attention 
required. 

(2) The device is insensitive to radiation except for 
applications requiring small parameter changes in the 
device . The application and magnitude of changes are 
specified . 

(3) The device is sensitive to radiation, resulting in 
significant degradation of device parameters. A radiation 
screening of shielding program is required, if a reasonable 
design safety margin is lacking. 

(4) The device undergoes catastrophic change and is no longer 
functional. 


In addition, the program provided a more detailed characterization 
of radiation-sensitive parts in categories (3) and (4) above, along 
the following lines: 

(1) A complete characterization of all the important dc parameters 
of integrated circuits. 

(2) Determination of the dc gain of bipolar transistors as 
a function of the collector current. 

(3) Determination of the leakage currents produced by suitable 
radiation bias conditions, which are indicative of the 
surface process control achieved by the production line 
that is being investigated. 

(4) Special attention to the occurrence of "outliers," indicating 
an out-of-control situation. 


It was beyond the scope of the program to achieve a complete 
quantitative characterization of all possible applications for the 
following reasons: 

(1) The radiation properties are process-dependent and therefore 
vary with manufacturer, with production line, and from 

lot to lot. 

(2) If the parts are not undergoing any form of radiation 
screening, "outliers" with severely degraded properties 
can occur (see Section VIII-C-5). 

(3) In the absence of lot integrity, statistical approaches 

to obtain a mean and standard deviation are not meaningful, 
since the heterogeneous population does not represent a 
Gaussian distribution. 
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(4) The radiation properties are strongly dependent on the 
bias conditions during irradiation. 

(5) It is not possible to carry out a large number of 
different sequential measurements on irradiated devices, 
since the time period of the measurement, the applied bias 
during measurement, and, particularly, the large current 
passing through the device during measurement cause rapid 
annealing . 


3. Parts Selection 

Parts selection required, first, that the generic category of 
device types be established . This was accomplished by a thorough investi- 
gation of existing literature and test results and expertise in the 
radiation effects field. Table 4-2 outlines the generic category of 
device types selected for the characterization program. Individual 
device types within the generic categories were selected by the cognizant 
engineer for each . subsystem using the results of a worst-case circuit 
analysis of each of the 20 major subsystems. This led to the identifica- 
tion of the critical circuits and device types. The bias conditions 
during radiation exposure and the electrical parameters measured were 
selected according to the use of the devices in the spacecraft circuits. 

The sensitivity of a given part type to radiation depends on 
the application. In general, radiation problems occur under the following 
conditions-: 


(1) Very low current densities. 

(2) Very high voltages. 

(3) Very high precision measurements. 


Most of the potential problems with the Voyager electronics are 
due to long-term ionizing radiation effects. In semiconductor devices 
these are manifestations of charges trapped in insulating layers on 
the surfaces of the semiconductor devices. These are most important 
in MOS structures in which trapped charge in the gate oxide layer produces 
a first-order change in the apparent gate voltage. Trapped charge in 
surface passivation layers is also important in junction devices, where 
it produces an inversion layer that spreads out the effective surface 
area, thereby increasing recombination-generation currents. These 
currents are most important in bipolar transistors operated at low 
collector currents and in n-channel JFET devices. The susceptibility 
to charging depends on the quality of the oxide layer and is. not usually 
consciously controlled in semiconductor device manufacturing. 

In optical materials, long-term ionization effects appear primarily 
as the introduction of optical absorption in otherwise transparent 
spectral regions for the particular material. These are usually 
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Table 4-2 . fiadiation-Sensitive Components 


0 


Component 


Effect. 


MOS devices 
Linear IC's 
Analog switches 
Bipolar transistors 
JFET's 

Electro-optical devices 
Crystal oscillators 
Zener diodes a 

Other diodes and rectifiers 3 


Surface ionization effects only 
Surface ionization and bulk damage 
Surface ionization and bulk damage 
Surface ionization and bulk damage 
Surface ionization and bulk damage 
Ionization and bulk damage 
Ionization only 
Bulk damage only 
Surface ionization effects 


Components sensitive to very high precision applications only. 


manifestations of charge trapping at a pre-existing defect, so the 
rate of coloration is a strong function of the initial material. 

In quartz crystals used for precision oscillators or filters, 
the same type of long-term ionization effects can produce significant 
resonant-frequency shifts. In this case, selection of the quartz crystal 
growth method can minimize the effect . 

The magnitude of long-term ionization is a function primarily 
of ionizing energy deposition, i.e., the dose, as measured in rads in 
the material in question. 

The devices of concern are: 

(1) MOS devices (threshold voltage shift, enhanced leakage 
in CMOS pairs). 

(2) Bipolar transistors (h pE degradation especially at low 
Iq), and junction field effects transistors (JFET's) 

(enhanced source-drain leakage current). 

(3) Analog microcircuits (offset voltage, offset current, and 
bias-current changes, gain degradation). 
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(4) Digital microcircuits (enhanced transistor leakage). 

(5) Quartz resonant crystals (frequency shifts). 

(6) Optical devices (coloration). 


MOS devices are most likely to become nonfunctional in an ionizing 
radiation environment. CMOS devices present the most severe circuit 
problems in a moderate radiation environment, with linear devices a 
close second. Difficulties were also experienced with bipolar 
transistors at low current levels. 


4. Parts Procurement 

It is important to bear in mind that surface ionization effects 
are process-dependent . Therefore , a generic device type specifying 
pre-irradiation electrical characteristics may exhibit vastly different 
post-irradiation characteristics, depending on the fabrication line. 

Ideally, all parts for a characterization program should be taken 
from an actual flight lot. Meaningful 'Statistical data interpretation 
can be applied only to this case; i.e., the data are process-lot dependent. 
Procurement considerations often made this approach impractical; the 
characterization data were usually required long before the flight 
parts become available. 

As a minimum requirement, parts for a characterization test were 
procured from the same manufacturer and bore the same part number . 

There are no equivalent parts regarding surface ionization effects. 
Preference was given to recent' date codes. 

*■ 

Any major process modifications will invalidate the characterization 
results. The following are the most critical processing steps: oxidation, 

passivation, all forms of surface treatments, metallization, and diffusion. 
Subsequent heat treatments during die attachment and burn-in may modify 
the surface properties. 


5. Test Specifications 

All characterization tests were performed in accordance with 
the JPL test specifications shown in Appendix A. A test plan consisting 
of two sections was prepared by JPL. The first section, shown in 
Appendix B, applied to all characterization tests. It included the 
following information: 

\ 

( 1 ) A detailed procedure for implementing the parts radiation 
tests in accordance with the radiation test specification. 
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(2) A statement describing the manner in which the dosimetry- 
requirements of the parts radiation test specification 
will be implemented. 

(3) A statement of facility requirements. 


The second section represents a working document, the Parts 
Radiation Characterization Test Requirements, not subject to approval, 
and including the following information: 


(4) A description of the parts being tested (by the part type 
and number) and the lot size being tested. 

(5) A statement describing the electrical operating mode of 
the parts during the tests, and the electrical schematic 
and description. 

(6) A statement describing the functional tests, the method 
for performing the tests , and the parts parameter measure- 
ments to be made. 


The characterization tests for a given device type were carried 
out in accordance with the Parts Radiation Test Requirements, also 
known as Radiation Test Requirements (RTR). A sample is shown in 
Appendix A. Only one basic number was assigned to each device type. 

This document defines the device parameters, radiation conditions, 
bias conditions during irradiation, and the sequence of electrical 
measurements to be performed. 

It is important not to carry out too many sequential tests on 
a given device after radiation, to prevent annealing of the radiation 
damage. Moreover, leakage current tests are incompatible with tests 
requiring the passage of heavy currents. Therefore, it was often 
necessary to generate two or more separate tests (RTR's) using different 
test samples. These are indicated by capital letters after the RTR 
number . 

The RTR's were generated from inputs provided by the cognizant 
engineers of the different subsystems regarding the measurement parameters 
and the bias conditions during radiation. The RTR's were then distributed 
to all cognizant engineers and to the contractors responsible for carrying 
out the radiation tests, to provide an opportunity for criticism and 
correction of errors. This resulted in the generation of one or more 
revisions to the RTR's. 

The bias conditions specified in the RTR's during irradiation 
represented the worst-case conditions experienced in any of the applications 
of interest, i.e., the conditions leading to maximum radiation damage. 

As a general rule, these conditions corresponded to the maximum reverse 
bias across as many junctions as possible, and to minimum current flow. 

In the case of MOS devices, the worst bias conditions correspond to 
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the maximum positive voltage on the gate with respect to either source 
or drain. The measurement parameters depended on the application. 
Typical parameters for discrete devices and integrated circuits are 
shown in Tables 4-3 and 4-4. Measurements were carried out in order 
of increasing current. All high-current measurements were pulsed. 


Table 4-3. Measurement Parameters for Discrete Devices 


Device 

Parameter 


Bipolar transistors 

Leakage Currents: IcB0> 

I CEO» i EBO 


hpg vs Iq; saturated and 
V CE (SAT) 

unsaturated 

JFET ' s 

^SS 
X D (off) 
r DS (on) 
Sm 
V P 


Zener diodes 

Zener voltage 
Temperature coefficient 


Diodes and rectifiers 

Leakage current 
Forward voltage 
Forward current 
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Table 4-4. Measurement Parameters for Integrated Circuits 


Device 

Parameters 

Operational amplifiers 

Input offset voltage 
Input offset current 
Input bias current 
Open-loop gain 
Slew rate 

Voltage comparators 

Input offset voltage 
Input offset current 
Input bias current 
Dynamic switching test 

Voltage regulators 

Line regulation 
Load regulation 
Output voltage 
Reference voltage 

A/D converters 

Output leakage current 
Output current 
Switching time 
Reference voltage 
Transistor parameters 

Analog switches 

% (off) 
X D (off) 


•^D (on) 
r DS (on) 

Dynamic switching test 
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The Radiation Test Requirements occupied a central position in 
the organization of the parts characterization tests as indicated in 
Figure 4-1. The RTR's reflect the inputs of the JPL subsystem cognizant 
engineers and of the circuit analysis carried out by the General 
Electric on-Laboratory contractors. The RTR’s were then sent to the 
contractor responsible for the radiation test, i.e., Boeing or Hughes, 
Fullerton, for their evaluation and comments. It often required several 
iterations to reconcile the requirements of the subsystems and the 
circuit analysis with the test capabilities at the radiation facility. 
After irradiation the raw test data were processed by the Radiation 
Effects Group and the finished test data supplied to the subsystem 
cognizant engineer, the General Electric circuit analysis team, and 
other interested parties. 


6. Radiation Test Results 

The raw data obtained during the radiation test were converted 
to a form compatible with the Radiation Test Requirements. The latter, 
which give detailed information about the test plan, were appended to 
the radiation test results in their final form. These were then distri- 
buted to the cognizant engineers of all subsystems using the part . 

The data were processed according to the following guidelines: 

( 1 ) The maximum shift was indicated for parameters changing 
by less than one order of magnitude after radiation. 

(2) The maximum observed value was indicated for parameters 
that change by more than one order of magnitude, e.g., 
leakage currents. 



Figure 4-1 . Radiation Test Sequence 
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(3) Changes in dc gain of bipolar transistors are best expressed 
as A(1/hpg) since it is the increase in base current that 
is responsible for the loss in gain. This parameter was 
plotted as a function of collector current on a log-log 
scale with error bars indicating the range of values. 


Special attention was paid to the vendor's lot designations of 
the test samples whenever this information was known. The results 
were analyzed for "outliers" or dual populations. Both of these are 
indications of an out-of-control situation on the process- line or else 
of an indiscriminate mixing of lots of different qualities, which make 
the utilization of the device without an adequate screening program 
very hazardous. It must be emphasized that the results are representative 
of the sample lot only and need not be representative of any future 
flight quality parts. 

The analysis of the test results provided an important cheek 
on the validity of the experiment performed by the contractors. The 
evaluation of the data answered the following questions: 

(1) Was the test plan faithfully carried out? 

(2) Does the data contain unexplained anomalies? 

(3) Are there any catastrophic failures and are the failure 
modes understood? Have the devices subsequently recovered? 

Any anomalies were subjected to further investigations, failure 
analysis, and repetition of the experiment. 

The final test results were utilized in the following ways: 

( 1 ) For comparison with the predictions of the General Electric 
worst-case analysis for different subsystems. 

(2) As a data base in redesign. 

(3) To determine the adequacy of the shielding. 

(4) For extrapolation to other applications. 

The most widely used devices have undergone a complete characterization 
of all significant device parameters. 


7. Radiation Status Reports 

Monthly Radiation Status Reports were issued for all part types 
in the device characterization program while the parts characterization 
program was in progress. The reports listed the device type RTR number, 
the test status, references to radiation test reports from other sources, 
and device types subject to radiation lot screening. 
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8. Radiation Design Criteria Handbook 

The radiation test data for every radiation-sensitive device 
type was summarized in Reference 1-1. The information was presented 
in a form intended to be useful to the engineer for circuit design. 

The data include values of the mean, maximum, minimum, mean ±2cr, 
mean +3 a- for every test parameter as a function of operating point, 
radiation bias condition, and total dose. Radiation screening requirements 
and accept-re ject criteria were also indicated. 

The following is an example of the part parameters on which 
data have been taken: 


Transistors: AJ_, AV CE ( S aT)» i CB0 

hFE 

The A(1/hp E ) data are displayed versus Iq and radiation dose, and the 
saturated gain is separated from the unsaturated gain. 


Diodes : 

Zener diodes: 
Linear IC's: 
CMOS: 


AVf, Alienage* 

AV 2 . 

AV os > ai bias > a vol • 

Vgt> Iss> ILTG * Propagation delay time. 


A sample sheet is shown in Figure 4-2, with the major features 
indicated. An - explanation of those features is given below. 


( 1 ) An outlier is here defined as a data point which does not 
fall within 3 o- of the mean value of that parameter at the 
lowest value of the independent variable (i.e., lowest 
value of Ic or fluence, where the parameter is measured 

as a function of I c or fluence respectively) . Once established 
as an outlier in this way, it is considered an outlier 
for all other values of the independent variable. 

(2) The data are calculated both with and without outliers 
whenever they, exist. 

(3) The standard deviation (<r) is approximated by the following 
expression : 


s 



fi 

n - 


x)2 
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Where n is the number of data points, x is the mean value of 
the set of data points, and Xi is a measured value of the parameter. 
This gives an unbiased approximation of c r, including cases where the 
sample size (n) is small (Reference 4-1). 

For transistors, in addition to the tabulated information, graphs 
are included giving A(1/hpg) as a function of collector current. In 
these graphs, only those calculated excluding the outliers are plotted. 
The outliers are indicated on the graphs. 
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B. PARTS RADIATION SCREENING 

1 . Introduction 

Radiation screening was applied to those device types that were 
sufficiently radiation-sensitive to compromise the radiation design 
margin. The screening was carried out on' flight-quality parts to assure 
the necessary confidence that the parts were sufficiently radiation- 
hard to survive the design environment. Radiation screening was required 
under the following circumstances: 

(1) If the parts characterization program had shown that the 
part was sensitive in a particular application to the 
radiation environment, and that an adequate design safety 
margin was lacking. 

(2) If the part could not withstand the radiation environment 
without process modification, and the manufacturers had 
agreed to carry out such a program. The modified part 
must then be subjected to a screening program. 

(3) If the parts characterization program had shown the presence 
of outliers or a dual population within the sample lot, 
indicating an out-of-control condition on the process line. 

The screening of sensitive parts was implemented by using one or more 
of the following methods : 

(1) Sample screening, wafer lot. 

(2) Sample screening, diffusion-metallization lots. 

(3) Sample screening, date code lots. 

(4) 100 percent IRAN screening. 

(5) Sample IRAN screening of diffusion-metallization lots. 

The device categories that were subjected to these screening procedures 
are shown in Table 4-5. 


2. Wafer Lot and Diffusion-Metallization Lot Sample Screening 

In wafer lot sample screening, a few devices located in specific 
areas of each wafer are assembled, and the sealed packages are subjected 
to a radiation test. If the results are satisfactory, the remaining 
dice from the wafer are accepted for assembly into flight-quality devices. 
This method could be applied to only a limited number of device types 
due to the difficulties inherent in wafer traceability through the 
device manufacturing process. The most notable example was the modified 
CMOS line at RCA (see Sections VI -B, VII-F, and VIII-E). Wafer lot 
sampling is the most vigorous lot sampling method but it requires wafer 
identification . 
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Table 4-5. Radiation Screening Methods 



Sample Lot Type Screening 


Device Category 

Wafer 

Diffusion- 

Metallization 

Date 

Code 

€ 

Irradiate- 

Anneal 

Bipolar transistor 

Hybrid 

Circuits 

2N2222 and 2M2905 

X a 

SDT5553 

JFET , n-ehannel 



X 

2N4856, 

2N5196, 

2N5520 

and 

2N5556b 

Operational 

Amplifier 0 


HA2520, HA2600, 
HA2620, HA2700, 
LM108 and LM124 


LM101 

Voltage follower 


LM102 



Comparator 0 


LM139 


LM111 

Voltage regulator 0 


LM105 



A/D Converter 


• 

HI1080 


Current switch 


AD550 



Analog switch 


DGM11 


DG129, 

DG133, 

and 

DGl4l d 
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Table 4-5- Radiation Screening Methods 
(Continuation 1) 


Device Category 

Sample Lot Type Screening 

Irradiate- 

Anneal 

Wafer 

Diffusion- 

Metallization 

Date ■ 
Code 

CMOS 

X 




RF amplifier 

MIC76T 




RF mixers 

MIC236 





MIC336 




Quartz crystals 

X 





a An X in a column indicates that the test was applied to the device 
indicated. 

kfjo high-temperature annealing. 

c The following linear IC's were considered hard to 60 krad(Si) without 
screening: LM103, LM106, LM710, and LM723. 

d Dif fusion-metallization lot samples only. 


It proved generally easier to persuade the semiconductor manu- 
facturer to accept diffusion-metallization lot sampling, since this 
sampling procedure is widely practiced as part of the scanning electron 
microscope quality control. This method' was applied to device types 
where cooperation with the vendor allowed device identification with 
a diffusion-metallization run. This included all hardened linear devices: 
LM108, LM102, LM139. 

All screening methods involving wafer or diffusion lot sampling 
and all device modification programs require the active collaboration 
of the manufacturer who must agree to: 

(1) Furnish samples for radiation test. 

(2) Maintain strict lot control on the production line. 

(3) Agree to accept/rejeet criteria. 

(4) Assemble only lots that have passed the radiation tests. 
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Consequently, all screening programs represent a compromise in yield, 
delivery time, and acceptance criteria. The latter, which could be 
established only after radiation data become available, required 
occasional modification. A list of acceptance criteria is shown in 
the tables in Section VIII-A-1 . 

The screening test was carried out using the same RTR's and test 
procedures as the characterization test. Additional screening radiation 
test requirements were sometimes needed. A sample lot of 6 to 10 devices 
was considered adequate. The test was carried out on a top priority 
basis and the lot acceptance or rejection was communicated to the manu- 
facturer within 48 hours after the test, however, initially it took 
considerably longer to establish aceept/re j'ect criteria based on circuit 
requirements and yield considerations. The test data were published 
in the same manner as the characterization results. 

A comparison of wafer and diffusion-metallization lot sampling 
in bipolar transistors was carried out by Arimura et al. (Reference 
4-2). They observed a very large variability from wafer to wafer and 
concluded that wafers from the same diffusion run do not necessarily 
behave similarly in a total dose environment . 


3. ■ Date Code Lot Sample Screening 

There were many device types without any lot identity other than 
the date code which required some kind of screening procedure. This 
applied to all discrete components on the spacecraft . Extensive screening 
was carried out on bipolar transistors and n-channel JFET's. Every 
available date code of all bipolar transistors was subjected to a radiation 
sampling test. The results were compared to previous data from earlier 
characterization tests and published in a preliminary Radiation Handbook 
(Reference 4-3), which had been made available to all cognizant engineers. 
All lots that performed worse than the data previously published were 
flagged as reject lots, so that the subsystems could either not use 
the devices or take some other corrective action. 

N-channel JFET's sometimes exhibit leakage currents many orders 
of magnitude greater than devices of the same type manufactured under 
strict control of the silicon surface and of the oxide passivation 
layer. Such devices were subjected to a preliminary date code lot 
screening which was very effective in detecting lots with radiation- 
induced inversion layers. If the whole lot was shown to be defective, 
special shielding had to be applied, since it was too late to replace 
the defective lot. Lots that showed a varied response indicative of 
a bimodal distribution were subjected to IRAN screening. 

In addition, there were some lots of radiation-sensitive integrated 
circuits that had been procured by subsystems before the necessity for 
a radiation-hardening program had become apparent. These lots were 
subjected to random sampling, so as to advise the designers if it was 
safe to incorporate the devices into the spacecraft without any special 
shielding measures. In the case of some operational amplifiers, the 
results indicated that the devices could not be used. 
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4. Irradiate- Anneal Screening 

a. Introduction . An extensive investigation of IRAN screening 
of semiconductor piece parts against total dose radiation effects was 
carried out as part of a program to harden the Voyager spacecraft against 
the Jupiter radiation belts (Reference 4-4). The method consists of 
irradiating semiconductor devices with cobalt 60 to a suitable total 
dose under representative bias conditions and of separating the undesired 
tail of the distribution from the bulk of the parts by means of a predetermined 
acceptance limit. The acceptable devices are then restored to their 
pre-irradiation condition by annealing them at an elevated temperature. 

Irradiate-anneal screening is the only known 100 percent 
radiation screen against outliers, i.e., devices that are significantly 
more sensitive to ionizing radiation than the remaining population. 

In general, IRAN should- be supplemented by a qualification test based 
on a diffusion-metallization lot, in which a few samples are irradiated 
to a total dose in excess of the project requirements. Failure to 
pass this test implies lot rejection, resulting in an extension of the 
parts delivery by many months. 

Since the lot screening method imposed intolerable time 
delays, it was hoped that the IRAN technique might be employed to predict 
the radiation behavior of each device in a quantitative manner, so that 
even lots of marginal radiation quality might be utilized at a somewhat 
lower yield. This requirement imposes far more severe constraints 
on the retracking of electrical parameters measured after the first 
irradiation than the elimination of outliers. 

This method requires a high reliability parts handling 
and testing capability so as not to compromise the overall reliability 
of the devices and is therefore expensive to carry out on a large scale. 

Also, it is important not to overstress the devices during the annealing 
cycle . 


b. Device Types Considered for IRAN . IRAN was considered 
for device types that were determined to be more radiation-sensitive 
than allowable by the circuit and shielding analyses. However, such 
screening methods work only when the devices show a significantly varied 
response to a radiation exposure. A list of device types that were 
considered for IRAN is shown in Table 4-6. The devices consist of 
analog switches, n-ehannel JFET’s, and bipolar transistors. The primary 
cause of radiation damage induced in these devices by ionizing radiation 
is the formation of inversion layers due to the accumulation of positive 
charges in the silicon oxide insulator near the silicon-silicon oxide 
interface. This depends on the quality of the oxide, which is to a 
large extent an uncontrolled process variable. 

Devices that are generally extremely sensitive to ionizing 
radiation, e.g., MOS devices, are poor candidates for the IRAN technique 
and must be shielded. An additional reason for excluding MOS devices 
is the difficulty of annealing out the radiation-induced interface 
states except at high temperatures. The important LM108 operational 
amplifier was excluded, because it had been possible to harden this 


4-18 



77-41 , Vol,. I 


Table 4-6. Device Types Considered for IRAN 


Device Category 

Device Type 

o 


Operational amplifier 

HA 2520 
HA2600 
HA2620 
HA2700 
LM101 

Comparator 

LM111 

Voltage regulator 

LM105 

Analog switch 

DG129 

DG133 

DG141 

JFET (n-channel) 

2N4093 

2N4391 

2N4392 

2N4393 

2N4856 

2N5196 

2N5520 

2N5556 

Bipolar transistor (hpg only) 

SDT5553 


device against ionizing radiation (see Section VI-C-2) . Because all 
n-channel JFET’s with a lightly doped base region are likely to develop 
sizable gate leakage currents, they were therefore considered to be 
candidates for IRAN. The n-channel JFET's in analog switches can cause 
an increase in Is (off)? the most sensitive parameter in those devices 
not containing MOS components. The latter were not subjected to IRAN 
for reasons stated above. 

The only bipolar transistor subjected to IRAN procedures 
in the Voyager program was the SDT 5553, a device extremely sensitive 
to surface ionization effects at low current levels. It was considered 
preferable to redesign circuits using other transistors to operate 
with minimum dc current gain. 


c. Program Constraints . The original requirement imposed 
on the devices was to survive a total dose of 125 krad(Si). This was 
later decreased to 60 krad(Si) as the result of a more precise definition 
of the Jovian radiation belts. A ceiling of 150° C was imposed on the 
annealing temperature of the devices for reliability reasons. It was 
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found that this temperature is inadequate for complete annealing 
of all surface effects. Burn-in temperatures up to 300° C have been 
successfully employed in high-reliability programs (Reference 4-5), 
but this requires device construction analysis and thermal stress analysis 
for each device type before procurement. Such an investigation was 
ruled out because of timing constraints. The devices were annealed 
in an inert atmosphere for 96 hours. Experiments showed that longer 
annealing times did not result in any additional annealing. 

High-temperature annealing was considered to be unnecessary 
for the JFET's. In these devices, only the leakage currents are affected 
by the ionizing radiation; these currents are not significant in those 
devices that pass the IRAN acceptance criteria. 


d. Experimental Investigation . The experimental investi- 
gation is discussed below. 

1 ) Experiment . A series of experiments was conducted 
on each device type under consideration for IRAN. Nonflight parts 
had previously been exposed to 2.5-MeV electrons up to 10 13 e/cm^. 

These devices were annealed for 96 hours at 150°C approximately 2 to 
3 months after the initial exposures. Most parameters annealed back 
to acceptable specification levels, but others did not return to their 
pre-irradiation values. Since high-energy electrons can induce a 
significant amount of displacement damage, it was decided to carry 
out additional experiments using a cobalt 60 source. The devices were 
irradiated to a total dose of either 50 or 125 krad(Si), annealed at 
150°C for 96 hours, and subsequently reirradiated with 2.5-MeV electrons, 
making measurements at four radiation levels from 5 x 10^ to 5 x 10^ 
e/cm^. Details of the work are described in Reference 4-4. 


2) Linear Bipolar Devices . The parametric changes produced 
in each device by equal doses of the first and second irradiation were 
plotted, so as to indicate the ratio of the shift produced, as well 
as any anomalous data points. In almost all cases, reirradiation produces 
substantially greater shifts than the original radiation. On annealing, 
most parameters recover to within the manufacturer’s specification 
limits. Exceptions to this rule are open-loop gain and the input bias 
current of some devices. 

During the initial irradiation, most linear bipolar 
devices exhibit slow parametric changes up to about 35 krad, followed 
by a logarithmic response of the type 

P = k log$+ C (4-1) 

After annealing and reirradiation the logarithmic response starts at 
about 10 krad(Si) and is of the type 

P = k log($-3?o) + C (4-2) 
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Besides these typical responses, many anomalous reirradiation curves 
are also seen, particularly for the input offset current. 

A thorough study was made of the factors causing 
anomalous behavior, since the effectiveness of an IRAN program depends 
on the ability to predict the response upon reirradiation. The majority 
of the anomalies are predictable by deviant values after the first 
irradiation and annealing, and the devices may be eliminated by suitable 
acceptance criteria that are specific to each parameter of every device 
type. The unpredictable results are caused by changes in sign on re- 
irradiation, by anomalous reirradiation curve shapes', and by causes 
specific to a given device type and initial radiation dose level. 


3) N-Channel JFET’s . A number of n-channel JFET’s were 
irradiated to 60 krad(Si) under a gate bias of 10 to 20 V. All devices 
showed a minimum increase of one order of magnitude due to an increase 
in the surface recombination velocity, with greater increases produced 
by inversion layers. At higher total doses IgSS var ies with dose as 

I GSS = (k$) a (4-3) 

where a varies from 2 to 5. The higher values of a indicate the presence 
of an inversion layer. 


4) Analog Switches . Three types of analog switches 
were irradiated at 50 to 100 krad(Si) followed by 96 hours annealing 
at 150°C, On reirradiation, Is(off) vari e6 with the total dose as 
shown in Equation (4-3) over the dose range from 30 to 125 krad(Si). 

No serious radiation- induced inversion layers were seen in these devices 
resulting in a values between 1.4 and 2. 


5) Bipolar Transistors . The SDT5553 was irradiated 
to a total dose of 5 krad(Si). The value of A(l/h pE ) varied by more 
than 3 orders of magnitude. On reirradiation there was a sharp increase 
in A(1/hp E ) above 5 krad(Si) due to the onset of a response of the 
type 

A(1/h FE ) = (k$) a (4-4) 

The value of a, decreased with initial radiation damage and was lowest 
for rejected devices. 


e. Irradiate-Anneal of Flight Parts . The preliminary 
experiments eliminated a number of device types from the IRAN program, 
because there was no correlation between the first and second irradiation, 
or because the parameters would not anneal out. In other device types, 
all the devices in a given lot degraded severely during the first 
irradiation. Some subsystems engineers elected to increase the shielding 
of their electronics and forego IRAN in order to save time. 
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A program to irradiate-anneal flight parts was initiated 
on a number of integrated circuits, on one bipolar transistor, and on 
several JFET's. The test procedure is described in Section V-D-4. The 
device types tested are listed in Table 4-7 along with the acceptance 
criteria and the radiation screening levels developed in the experimental 
program . 


The total number of each part type, subjected to IRAN 
is given in Table 4-7 along with the number of rejects. It may be 
seen that about 1/3 of the devices failed the criteria shown in the 
table for some part types, while others had no failures. 

As an additional safeguard, some devices for each 
lot were subjected to reirradiation using a series of four exposure 
levels from 12.5 up to 125 krad(Si). This was to ensure that the re- 
irradiation electrical parameter values did not exceed the limits that 
had been used to set the acceptance criteria listed in Table 4-7, assuming 
a correlation between the values on the first and second irradiation. 

These limits were well within the requirements of the worst-case application 
of Voyager subsystems. 

For those parts which had to be annealed, an additional 
requirement was that the electrical parameters of the flight parts 
after annealing should return to a value within the manufacturer's 
specification limits. However, the input bias current Ig of the LM101 
did not anneal, and Ig for the LM111 deteriorated further. The following 
specification for IRAN flight parts were adopted: 

Manufacturer's Limit Post-Anneal Limit 

75 nA 100 nA 

100 nA 1000 nA 

In general, an annealing temperature of 150°C leaves some 
residual radiation damage and does not guarantee the absence of annealing 
and reirradiation anomalies. The success of the limited irradiate- 
anneal program on Voyager flight parts was due to a combination of 
the following factors: 

( 1 ) . Non-retracking problem minimized by careful selection 

of device types to be subjected to IRAN. 

(2) Remeasuring of devices after annealing by device 
manufacturer . 

(3) Reirradiation of sample flight parts to 125 krad(Si). 


LM101 

LM111 
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Table 4-7. Flight Parts for IRAN Program 


Part 

Type 

Number 

Tested 

Number of 
Rejects 

Acceptance 

Criteria 

Screening Dose, 
krad(Si) 

LM101 A 
(can) 

139 

20 

AVqs < 0.7 mV 
AI 0S < 2.5 nA 
AI B < 60 nA 

125 

LM101A 
(Flat pack) 

396 

83 


LM1 1 1 
(can) 

48 

0 

Vos < 3 mV 
I 0s < 20 nA 
Ifi < 1 4A 

50 

LM111 

(Flatpack) 

200 

14 


DG129 a 

18 

0 

Is (off) < 3 nA 

50 

DG133 a 

41 

0 

IS (off) < 3 nA 

50 

DGl4l a 

9 

0 

Is (off) < 5 nA 

50 

2N4856 

298 

65 

Igss < 500 P A 

60 

2N5196 

124 

17 

IGSS < 100 pA 

60 

2N5520 

21 

0 

Igss < 100 pA 

60 

2N5556 

96 

28 

Igss < 250 pa 

60 

SDT5553 

39 

4 

hpE 

5 




at I c - 0.15 mA 


a Lot Sample, 

IRAN only. 
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(4) For each critical circuit, a permissible worst-case 
parameter value determined by analysis. Reirradiation 
data indicated that this value would not be approached 
under the most unfavorable conditions defined as 

mean plus 3 times standard deviation. 

(5) Some significant device degradation, e.g., Ig of 
LM101 and LM111, tolerated by the circuit designs. 


5. Screening of Flight Parts 

A special effort was made to radiation-screen and sample all 
the radiation flight parts for all sensitive device types, even if 
these devices had been subjected to some earlier screening activity. 

The sample screening of flight parts fell into three categories: 

(1) Sampling of flight parts only. This applied to all date 
code lots including bipolar transistors and n-channel JFET's. 
It also applied to some linear devices. 

(2) Wafer or diffusion-metallization lot sample screening, 
followed by final radiation sampling of flight parts. 

This method was applied to all hardened linear devices. 

(3) For a fraction of the devices subjected to IRAN, reirradiation 
with electrons to 5 x 10 ^ e/cm^. 

The irradiation of completed flight parts provides the following 
safeguards : 

( 1 ) Comparison of the data with previous radiation data from 
the same lot eliminates the possibility of device mix-ups 
at the vendor. 

(2) It indicates the existence of package effects; e.g., the 
HA2700 was initially tested in a can. Subsequent tests 
in a 10 lead flatpack showed catastrophic degradation 

in negative . open-loop gain not seen in the cans. These 
effects are caused by degradation during sealing. 

(3) Similar effects can also be produced in other operations 
involving heating in different ambients, e.g., die and 
lead bonding, temperature storage, and burn-in. 

(4) Reirradiation tests on the LM111 revealed erroneous post- 
annealing measurements carried out by the semiconductor 
manufacturer . 
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SECTION V 

RADIATION TESTING AND DOSIMETRY 


A. INTRODUCTION 

The radiation testing of Voyager piece parts was carried out 
using several different radiation facilities, which are described in 
this section, along with the procedures used. While the procedures 
were similar, there was some variation from one facility to another 
due to differences in the type of radiation equipment available, the 
testing personnel, and the geometry of the test. 

Section II describes the Jupiter radiation environment to be 
simulated in these tests. The initial studies of the spacecraft radiation 
environments revealed a large number of different sources, including 
solar wind protons, neutrons, and gammas from the RTG's as well as 
the electrons and protons in the trapped belts at Jupiter. The Jupiter 
electrons were determined to be the most potentially damaging to the 
lightly shielded piece parts. The electron energy spectrum is discussed 
in Section II. There was also concern early in the program that, while 
the peak of ionization damage appeared to occur at 3 MeV, there would 
also be considerable permanent damage caused by electrons above that 
energy. Initial work was done with both 3-MeV and 20-MeV electrons, 
using a LINAC accelerator. It was found that the damage between the 
two energies had a predictable ratio. Subsequently there was concern 
that the high dose rate of the LINAC pulse would not suitably simulate 
the ionization effects of the steady- flux, low-dose rates at Jupiter. 

If the instantaneous flux rate exceeds about 10 H e/em^-s, the following 
additional damage effects are produced that are absent in the Jupiter 
steady state environment: 

(1) Transient secondary photocurrents may be generated that 
may be large enough to damage junctions and metallic 
conductors in transistors and integrated circuits. 

(2) The instantaneous charge deposition may produce dielectric 
breakdown in insulating regions like passivation layers. 

Therefore , all subsequent testing was done using the Dynamitron accele- 
rators, which have a steady rate, or using a cobalt 60 gamma source. 

While proton tests were considered, it was decided that no parts 
tests were required for the proton fluences expected at Jupiter for 
Voyager. Also, no neutron tests were carried out because the neutron 
fluence expected from the RTG's was considered below the parts damage 
threshold. The RTG gammas were adequately covered by tests with electrons 
and cobalt 60 gammas. 

All tests were done at ambient temperature and pressure. All 
equipment used (except equipment specifically built for the testing) 
was standard laboratory instrumentation, which was periodically cali- 
brated. 
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B. RADIATION TEST FACILITIES 

1 . Dynamitron 

The Dynamitron accelerators at JPL and at Boeing were used 
extensively during the testing program. The Dynamitron provides a 
steady monoenergetic beam of electrons variable in energy up to 2.5 
MeV with a range of beam currents suitable. for the parts testing programs, 
which required rates at the test devices of 10^ to 10^ e/cm^-s. All 
Voyager tests were performed using beam energies between 2.0 MeV and 
2.5 MeV. 

The parts test geometry for the two Dynamitrons is essentially 
the same . The electron beam is brought out of the vacuum tube into 
air through a 0.05mm (2-mil) titanium window, copper and aluminum 
scattering foils, and through 0.9 m (3 ft) of air. Each of these materials 
scatters the electrons slightly so that the beam has a reasonable uniformity 
of less than 20 percent over the array of parts being tested. The 
array is confined within a 25-cm (10-in.) diameter circle perpendicular 
to the direction of the beam. At the center of the circle is the aperture 
of a vacuum faraday cup which is used to control the flux and fluence 
of the electron beam. The beam is centered on the faraday cup with 
a quadrupole magnet prior to the installation of the test samples. 

The output from the faraday cup is a current that is fed into a current 
integrator. Both fluence and flux are measured. The integrator is 
calibrated daily with a calibrated current source. The integrator 
is set to shut off the electron beam automatically when the desired 
fluence level is received by the faraday cup. Most of the integrated 
circuits and transistors tested were irradiated with the Dynamitron. 


2. Cobalt 60 Sources 

Several cobalt 60 gamma radiation sources were used in the course 
of Voyager parts testing. They were located at JPL, at the Hughes 
Aircraft Company (HAC) and at the Naval Research Laboratory (NHL). 

The gamma rays are primarily 1.17 and 1.33 MeV, with a spectrum of 
lower energies due to scattering and absorption. Gamma radiation was 
used to test parts that were known to be sensitive only to ionization 
effects. Consequently, the type of source and the geometry of the test 
are of little importance. Only the total dose of ionizing radiation 
is important, and the fact that the measurements be done in situ or 
as soon after exposure as possible. A list of the sources used and 
the generic types of the tests is given in Table 5-1 . 

The gamma field uniformity was within +10 percent in the area 
where parts were exposed. Dosimetry was done with thermoluminescent 
dosimetry (TLD). 
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Table 5-1. Cobalt 60 Test Types and Sources 


Test Type 

Location 

Type of Source 

CMOS Igg Screening 

HAC 

Pig with vertical drawer 

CMOS V-j Test Patterns 

HAC 

Panoramic 

CMOS Propagation Time 

HAC 

Panoramic 

CMOS Characterization 

NRL 

Water tank 

Power Transistors 

JPL 

Pig with window 


3. Van de Graaff 

A 6-MeV Van de Graaff electron accelerator, located at Notre 
Dame University, was used for a small number of tests on zener diodes, 
rectifiers, and voltage regulators. This work was performed by the 
General Electric Company in order to investigate the effect of higher 
energy electrons in producing bulk damage in devices where small amounts 
of such damage might be important. Tests were conducted on all parts 
at 3.0 MeV and on some parts at two energies, 3 and 5.5 MeV, to determine 
the parts' response as a function of* energy. 


C. TEST LEVELS AND DOSIMETRY 

I . Program Test Requirements 

The Voyager spacecraft must survive the radiation environments 
described in Section II. JPL has stipulated test levels to be used 
in the electron and gamma tests (see Appendix A). In the early part 
of the program, which consisted mainly of parts characterization tests, 
the values in Table 5-2 were used for electron tests. 

As a result of further analysis of data from Pioneers 10 and 

I I , the estimates of the maximum radiation levels of Jupiter for the 
Voyager mission were reduced. The test levels were changed to reflect 
this new estimate, and another radiation level was added in order to 
allow information on the device response at lower radiation levels 
for devices that were shielded. The new levels, shown in Table 5-3, 
were used throughout the rest of the testing program for both parts 
characterization and screening of flight part lots. 
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Table 5-2. 

Radiation Flux and 
Fluence Levels for 
Early Electron Tests 
(3-MeV Equivalent), 
1000-s Electron 
Exposure 

Flux, 

Accumulated 

e/cm 2 -s 

Fluence Levels, 
e/cra 2 

2.5 x 109 

2.5 x 10 12 

2.5 x 109 

5.0 x 10 12 

5.0 x 10 9 

1.0 x 10 13 


Table 5-3- Final Radiation Test Levels Used in 
Parts Testing, 1000-s Electron 
Exposure 


Electron 

Flux, 

e/em 2 -s 

Accumulated 
Fluence Levels, 
e/cm 2 

Accumulated 
Ionizing Dose, 
rad (Si) 

5.0 x 10 3 

5.0 x 10 11 

12,500 

• 7.5 x 10 8 

1.25 x 10 12 

31,300 

1.25 x 109 

2.5 x 10 12 

62,500 

2.5 x lO 9 

5.0 x 10 12 

125,000 


Gamma tests were also performed at the accumulated dose levels given 
in Table 5-3- However, the dose rates were not the same as those used 
in the electron tests. Test geometry and field uniformity dictated 
the dose rates, but the total dose values were maintained. Exposure 
times with gamma sources varied from about 15 to 45 min. 
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2. Radiation Measurements 

Radiation measurements were made by two different techniques: 
Electrons were measured by means of a faraday cup and gammas were measured 
with TLD. 

The faraday cup (see Figure 5-1) is designed to measure all electrons 
passing through an aperture. The current produced by the absorbed 
electrons is fed into a current integrator which is calibrated daily. 

The integrator indicates the rate of current flow (which is proportional 
to flux) and integrates the amount of current up to a preset level 
which has been calculated to represent the fluence level required by 
the test engineer. 'At the preset level, the accelerator beam is shut 
off automatically. 

Most of the Dynamitron parts tests used the faraday cup as the 
primary standard of flux and fluence. In the early tests at Boeing, 

TLD calibrated with a Landsverk ion chamber was used as the standard. 
Subsequently, a JPL-supplied faraday cup was incorporated as part of 
the test setup. 

Radiation field uniformity measurements were made by two methods : 

TLD and an ionization chamber. The TLD system was useful where high 
doses and rates prevented use of the ionization chamber. Also, one 
system could be used to check on the other when overlapping ranges 
allowed. 
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TLD’ dosimetry was used to calibrate the cobalt 60 sources and 
to determine field uniformity. The TLD system was calibrated with 
ion chambers ( Lands verk R-meters) calibrated to +2 percent accuracy. 
The accuracy of the TLD is 10 percent. 

The tolerance requirements for the radiation tests are given 
in Appendix A. Methods used *to calibrate the cobalt sources and the 
TLD systems are also described in Appendix A. 


D. TEST SETUP AND PROCEDURES 

1 . General 

The test setup and procedures used were guided by the specifications 
developed in the early part of the parts test program (Appendix A). 

Appendix B is a general test plan for the major portion of the characteri- 
zation and flight lot sample work. Subsequently, a more detailed test 
procedure (Appendix C) was written specifically for use in the flight 
lot sample program. Some types of testing did not have a formal written 
procedure, but the same general test conditions and procedures were 
maintained, such as the type of test boards, biasing conditions, and 
dose as well as the flux and fluence levels. However, at different 
facilities there were slight variations necessary in test setup and 
procedure. 

2. Testing With Matrix Board 

The matrix board was built by Hughes personnel at the direction 
of JPL to be a versatile method of carrying out electrical parameter 
measurements on a variety of part types, with the parts remaining in 
situ at the radiation site during measurement . The- matrix board , shown 
with power supplies, digital voltmeter, and ammeters in Figure 5-2, 
was an integral part of the is. situ testing method shown in the block 
diagram in Figure 5-3. 

Figure 5-4 shows the system setup for a test including the location 
of all elements in the block diagram. Figure 5-5 shows the devices 
under test with the faraday cup in place and the window end of the 
beam tube. 

The purpose of the matrix board setup was to allow great versatility 
in testing a wide variety of device types. The bias levels during 
irradiation were controlled using this system. After each irradiation 
level was completed, the matrix board was reconnected to make the 1 
to 6 electrical parameter measurements required by the RTR's, as discussed 
in Section IV-A-5. With this method, the Dynamitron did not have to 
be turned off. The beam was intercepted with a stopping block so that 
no electrons were impinging on the devices under test. Thus the electrical 
measurement could be made and the irradiation resumed with only short 
intervals of interruption. This prevented excessive annealing of radiation 
damage effects . Further details of the in situ testing procedure are 
contained in Section 11 of Appendix C. 
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Fig. 5-2. Matrix Board Setup for Control of Bias During 
Irradiation and for Electrical Parameter 
Measurements in situ 
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RADIATION SAFE 
TESTING AREA 


RADIATION TEST CELL 


Fig. 5-3. Block Diagram of the Test Setup for in situ 
Testing With the Dynamitron 



Fig. 5-4. Matrix Board, Cable, and Test Fixture 
Locations During Test 
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For the non-in situ tests the Dynamitron was shut down, and the 
test devices were removed from the site for about 15 to 20 min between 
each irradiation level and the next. No bias was applied to the devices 
during the periods between irradiations. For non-in git _U. tests, an 
unirradiated control device was always used as a check on the measurement 
instrumentation. Further details on non-in situ testing are given 
in Section 12 of Appendix C. 

The characterization and screening tests done with the matrix 
board were on diodes, transistors, and integrated circuits. Further 
details are given in Sections IV-A and IV-B, and the results are discussed 
in Sections VII and VIII . 


3. In situ Testing at Boeing Aircraft Company 

A number of integrated circuits were tested for JPL by the Boeing 
Radiation Effects Laboratory personnel. A complex control system with 
which both biasing and electrical measurements were made remotely and 
in situ was built for the work. The physical arrangement of the test 
was very similar to that just described. A control or interface box 
for 'switching was located along with the measurement instrumentation 
in a radiation-safe location. A set of 15-m (50-ft) cables connected 
the measurement room to the radiation test cell where devices were 
irradiated by the Boeing Dynamitron. 



FARADAY CUP 


TEST BOARDS FOR 
DEVICES UNDER TEST 


ELECTRON 

BEAM 

TUBE 

WINDOW 


Fig. 5-5. Test Cell Setup for in situ Radiation Testing 
With the Dynamitron Electron Accelerator 
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In the test cell location was a test fixture which included a 
box of eight modules of six relays each. Within each module the six 
relays can be held either on or off during a test sequence, or they 
can be controlled by a clock. Manual switching can be used between 
each irradiation level and the next, to remove bias and make the required 
parameter measurements, or the system switching sequence can be done 
by an automatic circuit evaluator (ACE). 

Individual circuit boards 11.5 cm (4-1/2 in.) x 13 cm (5 in.), 
with end plug, were made up for each device type, usually one for each 
test series as defined by the RTR's. The circuit board under test 
was plugged into a plug located on the test fixture box for irradiation. 
Details of the Boeing instrumentation are contained in Appendix D. 

The Boeing Dynamitron was capable of producing electrons with 
a maximum energy of only 2 MeV. While this was less than the 2.5 MeV 
produced by the JPL Dynamitron, it was thought to be no serious problem 
since the major damage to devices was due to ionization and the ionization 
cross section with energy in this region is quite flat. 

As in the JPL Dynamitron testing, the test devices were exposed 
at 0.9 m (3 ft) from the beam tube window with a beam-scattering foil 
on the end of the beam tube. A throughput ion chamber and a faraday 
cup were used to determine the flux and fluence, the ion chamber being 
an independent check on the beam flux stability. 

The Boeing in situ tests were done on a limited number of the 
most important electrical parameters of integrated circuits. Further 
details on the test and results may be found in Sections IV, VII, and 
VIII. 


4. IRAN Testing 

The irradiation-anneal (IRAN) testing of flight parts was done 
by the Hughes Aircraft Company for JPL. A special test setup was prepared 
for the IRAN work, which was semi-automated so that 48 test devices 
could be irradiated and measured as soon after the radiation exposure 
as possible. Figure 5-6 is a block diagram of this system. Figure 5-7 
shows the stepper switches and the test samples in the faraday cage. 
Figures 5-8 and 5-9 show the operating instrumentation. 
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Fig. 5-6. Block Diagram of the IRAN Testing System 


The functional criteria applied to the system were as follows. 
Electrical leakage was kept to 50 pA or less. The power supplies produced 
fixed voltage rather than variable voltage. A control sample was measured 
both before and after each series of measurements. A delay time of 
up to 4 seconds was required before reading a measurement value, in order 
to obtain reproducible readings. Measurements of voltage were made 
reproducible to ±0.1 mV. Accuracy of the current values were within 
±10 percent as measured from socket to socket with a calibrated current 
input. A detailed procedure (Appendix E) written for the IRAN work 
included a step-by-step procedure for doing the IRAN testing and a 
section on quality assurance requirements. Quality assurance personnel 
were present at all times while flight parts were being handled. 
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Fig. 5-7. Faraday Cage With Test Sample on Test Boards 
and With Stepper Switches on Either Side for 
Use in IRAN Screening 
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Fig. 5-8. Operating Instrumentation for the IRAN Screening Tests 


The cobalt 60 source used was a 50-kilocurie panoramic irradiator, 
Gammabeam, Model 650, made by Atomic Energy of Canada, Ltd. The source 
field was calibrated with TLD , which was in turn calibrated with a 
±2 percent Victoreen ion chamber. The variable-diameter source ring 
was kept at its minimum diameter, and the devices were irradiated at 
a fixed distance from the center of the source, to obtain a dose-rate 
of 50 rad(Si)/s. Doses used for IRAN were 50 to 125 krad(Si). Dose 
uniformity over the samples was better than +.10%. Figure 5-10 shows the 
source with an IRAN test in place . 


i 
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Fig. 5-9. IRAN Data Receiving and Processing Area 


In the annealing oven (Figure 5-11), the temperature was maintained 
at 150° 5 C. Parts were routinely annealed for at least 96 hours. 

Nitrogen gas flow was maintained in the oven throughout the time the 
parts were in the ovens. 

IRAN screening was carried out on 1 a very limited number of integrated 
circuits and one transistor. Further details may be found in Sections 
IV and VIII. 


5. CMOS Testing 

Several types of tests were done on CMOS devices, including 
Igs screening, Vf measurements on test patterns, propagation time measure- 
ments, and characterization measurements. All these tests were performed 
under JPL direction by Hughes Aircraft Company except for the characteriza- 
tion measurements, which required sophisticated computer analysis. 

These characterization tests were done at the Naval Research Laboratory. 


5-14 




77-41, Vol . I 


origovax, pact? k. 

OF Pnnn Jr ALrE R 

oor quality 



Fig. 5-10. IRAN Screening Test in Place for Irradiation 


a. Ig g Screening . Approximately 13,000 CMOS devices were 
screened by measurements of Igs* Throughput was somewhat limited (up 
to 15 devices were irradiated simultaneously) by the amount of available 
space in the cobalt 60 source used. Figure 5-12 shows the source used 
and the instrumentation. Figure 5-13 is a closeup at the irradiation 
chamber, showing device sockets with four samples in place. The 
instrumentation, built specifically for this test series, is shown 
in Figure 5-14. The gamma dose rate in the chamber was measured at 
8510 rad (Si) /min with some small radioactivity decay over the course 
of the program. Adjustment in the length of exposure was made for 
the decay to maintain 150 kilorad(Si) as the total dose for each exposure. 
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Fig- 5-11. Inert Gas Annealing Oven for the IRAN-Screened Parts 


A radiation exposure was made by placing the CMOS devices in 
the sockets shown in Figure 5-13. Then the chamber was lowered into 
the radiation field for a preset time. When the chamber was raised 
automatically by the clock, the Igs measurements were made. 

b - lT _and Propagation Time Measurements . These measurements 
were made with different instrumentation but both used the Hughes 50- 
kilocurie source shown in Figure 5-10, which required 15-m (50-ft) 
long cables for the in situ measurements. 

C. Device Characterization . The Naval Research Laboratory 
did the device characterization testing of CMOS devices using a cobalt 
60 source shielded with water. The devices were biased during the 
radiation exposure. However, the bias was removed after the exposure, 
and the devices were taken to another building for measurements. This 
procedure resulted in a time delay of about 20 min which, along with the 
bias removal, may have resulted in some annealing of the leakage currents. 

In CMOS testing the greater portion of the work was in Iss screen- 
ing. Each of the CMOS tests is further discussed in Sections IV, VII, 
and VIII. 
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Fig. 5-12. Test setup for the Igs Screening of CMOS Parts 


6. Diodes and Rectifiers 

The diodes and rectifiers that were required to maintain a close 
tolerance in output were tested using the JPL 2.5-MeV Dynamitron. 

In addition, on some diodes, higher energy electrons were used to determine 
whether displacement damage at the higher energies might be important. 

These higher energies were obtained by using the Van de Graaff accelerator 
at Notre Dame University. Both 3-MeV and 5.5-MeV electrons were used. 

The tests at Notre Dame were carried out by General Electric 
Company personnel for JPL using a test setup much like the one used 
at the JPL Dynamitron described in Section D-2. The parts were biased 
during exposure. The electron beam was brought into the test area 
with an evacuated drift tube through a thin window into a gold scattering 
foil, then through 76 cm (30 in.) of air to the devices under test. 

A faraday cup was used to monitor flux and fluence. TLD was used to 
confirm dose at each dose point. The beam uniformity was found to 
be ±10 percent over the test device exposure area, using an array of 
copper blocks as collectors. The test devices were confined to a 
7-cm (2-3/4 in.) square area. 
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Fig. 5-13. Test Chamber in Raised Position kith CMOS Parts 
in Place for I 35 Screening 



Fig. 5-14. Instrumentation for the I ss Screening of CMOS Devices 
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The work on diodes and rectifiers amounted to a small part of 
the total program. Further details on these tests are given in Sections 
IV and VII. 


7. Power Devices 

A number of power devices have very thick cases and are stud- 
mounted devices. For such devices, electrons have difficulty in pene- 
trating the package. Consequently, cobalt 60 was used to irradiate 
such devices. The work was done using the JPL dual 13-kilocurie sources. 
The test arrangement was the same as for other transistor testing utilizing 
the matrix board described earlier and the 15-m (50-ft) cable; only 
the source is different. In the tests, the same total doses as used 
in Dynamitron tests were obtained, but the dose rates were changed 
to accommodate reasonable exposure periods of 8 to 25 min . 

Figure 5-15 shows a test board with stud-mounted devices ready 
for the in situ cobalt test. Figure 5-16 shows the dual 13-kilocurie 
source with the test fixture between the sources. 



Fig. 5-15. Stud-Mounted Power Transistors Ready for 
Gamma Radiation Test 
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Fig. 5-16. JPL Dual 13-kilocurie Cobalt 60 Source With Power 
Transistors in Place for Test 
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SECTION VI 
DEVICE HARDENING 


A. INTRODUCTION 

In the Voyager program, as mentioned earlier, radiation was originally 
not considered to be a problem. Subsequently, Pioneer Jupiter flybys 
indicated the presence of strong radiation belts, which led to an intensive 
program to harden the existing Mariner design. At this point, there 
was not sufficient time to undertake a device-hardening program, except 
in the case of the CMOS CD4000 series and of some bipolar linear devices, 
where hardening resulted in improved devices. The hardening programs 
were carried out by RCA for the CD4000 series and by National Semiconductor 
for the linear devices. The results of the program are described in 
this Section. 


B. CMOS 

Large quantities of CMOS devices comprising 28 different logic 
functions were used in the spacecraft. Devices fabricated by the standard 
commercial process could not withstand a fluence of 5 x 10^2 e /cm2 
under normal bias conditions, due to a shift of the n-channel gate 
turn-on voltage toward 0 V, accompanied by an increase in the supply 
current. By reducing the gate oxide annealing temperature from 1100 
to 950° C, it was found possible to fabricate devices that were still 
functional after irradiation to 5 x 10^2 e/cm^, though with somewhat 
degraded device characteristics (References 6-1 and 6-2). However, 
even these devices showed significant degradation at a dose of 150 
krad(Si) as shown by Reference 6-3: 

( 1 ) Increases in the quiescent supply current by factors greater 
than 3000 into the microampere range, and with corresponding 
increases in the leakage currents between different terminals. 
Largetarea devices or devices containing large-area transistors 
were particularly affected, as was the leakage current 
through the transmission gates of multiplexers. 

Preliminary data indicate that the substitution of nitrogen 
for forming gas in the gate oxide annealing step has a 
beneficial effect on reducing the post-radiation quiescent 
supply current and transmission gate leakage currents of 
the multiplexers and on producing a more homogeneous product. 

(2) Test patterns formed by n-channel M0S transistors produced 

a shift in the gate turn-on voltage from positive to negative 
values in many cases (see Figure 6-1). The true gate turn- 
on voltage, Vf N , at low currents is less than 1 V before 
irradiation and shifts to -0.6 V at 150 krad(Si). At higher 
current levels, V?n stays well above zero, and does not 
shift significantly after irradiation. On the other hand, 

V T p at 10 (J.A showed a bimodal distribution after irradiation. 
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(3) The devices showed an increase in the propagation delay- 

time of up to 50 percent at 75 krad(Si) or '100 percent at 150 
krad(Si). The average increases from 2 to 37 percent for 
different device types at 75 krad(Si) and from 6 to 62 
percent at 150 krad(Si). The propagation delay is governed 
by a shift in the p-channel gate turn-on voltage. 

A CMOS static random-access memory, very susceptible to ionizing 
radiation, was also used on the spacecraft,. A hardening program for 
this component was considered to be too expensive. It was, therefore, 
decided to apply massive shielding, so that the impinging total dose 
would not exceed 10 krad(Si). 

Radiation effects in M0S devices are governed by slow oxide states 
in the gate oxide and by fast interface states at the gate-oxide silicon 
interface. The interface states are important at the highest radiation 
levels. They cause the p-channel device threshold voltage to shift 
to more negative values, but cause the n-channel devices to shift to 
more positive values. On the other hand, the oxide states cause negative 
shifts in both device types. They become effective at low radiation 
levels and saturate at the highest radiation levels. This behavior 
explains the maximum change in threshold voltage in n-channel devices 
at intermediate radiation levels, followed by an improvement at higher 
fluences. In p-channel devices, both interface and oxide states produce 
negative shifts in threshold voltage, so that no saturation effect is 
seen as the total dose is increased. 

The four basic CMOS failure modes in an ionizing radiation environment 
have been identified by Burghard and Gwyn (References 6-4 and 6-5) 
with their associate causes as follows: 


(1) 

Failure to Switch - 

1 VTN 1 i 

! v tp| 1 

(2) 

Excessive Leakage 

1 V TN 1 1 


(3) 

Speed Reduction 

j.V T p j | 


(4) 

Noise Immunity 

1 V TN 1 i 

1 V Tp| 1 

The 

arrows indicate a decrease j or 

increase } in [ V*j> J 
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Figure 6-1. Gate Voltage vs Drain Current 


C. LINEAR INTEGRATED CIRCUITS 

1 . Hardening Program 

Sophisticated bipolar linear circuits with low power dissipation and 
high performance specifications are very sensitive to surface ionization 
damage, which can change their operating parameters by orders of magnitude 
beyond their specification limits (Reference 6-6). Hardening of bipolar 
linear circuits may be accomplished either by process changes, by changes 
in design, or by a combination of the two. Hardening by changes in 
design is more limited to a single device family and is also more costly. 

The sensitivity to ionizing radiation may be significantly reduced 
by modifying the structure and composition of the oxide layer next 
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to the silicon interface, though often at the expense of reducing. the 
manufacturer's yield of devices with the most desirable pre-irradiation 
electrical characteristics. The processing steps, starting with emitter 
diffusion and oxidation, are critical to achieve radiation hardness, 
i.e., the temperature and conditions of the different diffusion, oxidation, 
and annealing steps. In particular, the radiation resistance is believed 
to be deleteriously affected by subsequent dry oxidations at moderate 
heat and by the use of forming gas. 

In late 1974 and early 1975, Voyager funded some specially processed 
runs at National Semiconductor in an attempt to obtain improved radiation 
hardness in several device types. Tables 6-1 and 6-2 show that this 
effort was successful in some device types, notably the LM108, but 
failed in others. In particular, attempts to harden the LM101 operational 
amplifier and the LM111 comparator were unsuccessful. Some success 
was also achieved in hardening the LM139 comparator; see Section VIII-A-1 . 

t 

The LM108 was the prototype for the hardening effort at National 
Semiconductor, and LM108 kit parts were irradiated to obtain diagnostic 
information. The data shown in Table 6-3 indicates that the radiation 
generates large collector leakage currents in the unhardened lateral 
and vertical pnp transistors; these leakage currents are removed by the 
hardening process. These currents also destroy the gain of the pnp transis 
tors. The gains of the standard and superbeta npn transistors are also 
improved by the hardening process. 


2. LM108 

Improved hardness was achieved in the LM108 and LM108A operational 
amplifiers, and the devices were satisfactory for Voyager applications. 

The modified process did, however, produce several undesirable side effects 

(1) The pre-irradiation input specifications for the LM108A 
could not consistently be met, and relaxation was required. 

(2) Yield to electrical specifications was poor at -55°C. 

(3) The devices were appreciably noisier than the standard 
product. 

(4) The modified chip was incompatible with flatpack encapsulation, 
which degraded the pre-irradiation electrical characteristics 
as well as the radiation response. 

There were a few applications where flatpacks had to be used 
or where the noise could not be tolerated. Heavily shielded standard 
devices were used in these cases. Also, a few applications requiring 
extreme stability through irradiation necessitated the shielding of 
even the hardened devices. 

The noise problem is inherent in the steam oxide radiation-hardening 
process; it is caused by an increase in the density of fast interface 
states as well as by some lattice damage during the steam oxidation 
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process. There is considerable variation in the noise level of the 
hardened devices. Most devices exhibit a strong 1/f noise, and some 
show popcorn noise, which may be identified by a transient shift in 
the offset voltage. 

A number of devices were irradiated with 2.5-MeV electrons at 
the JPL Dynamitron to study the radiation effects on the noise character- 
istics. The samples were chosen so as to exhibit varied pre-irradiation 
noise characteristics. 

The irradiation results are summarized in Tables 6-4 through 
6-6.' The 1/f noise of the quiet parts increased by a factor 2 to 3 
over the total dose range from 0 to 125 krad(Si). However, most of 
the increase took place at the lowest radiation level of 12.5 krad(Si) 
and is associated with a radiation- induced increase in the surface 
recombination velocity. The initially noisy devices increased by a 
factor of 6 at 12.5 krad(Si), but further irradiation caused a decrease 
in the noise level to their pre-irradiation value. 

The quiet devices showed a steady increase in popcorn noise on 
irradiation by a factor of 2 to 3 at 125 krad(Si). The devices exhibiting 
strong initial popcorn noise showed an initial increase by a factor 
of 2 at 12.5 krad(Si). This was followed by a decrease to their pre- 
irradiation value . 

Additional measurements were made at 400 Hz for all devices. The 
quiet devices showed little change on irradiation. The noisy devices decreased 
slightly at the 12.5 krad(Si) level, then showed little additional change 
during further irradiation. 


3. LM1 39 

The LM139 comparator produced at National Semiconductor failed at 
a fluence of 1 x 10^ 2 e/cm 2 when biased in the off condition during 
irradiation. An attempt to harden this device was made in two stages. 

In the first stage, the emitter oxidation was switched to steam oxidation 
as in the other linear devices. In the second stage, some additional 
oxidation steps after the emitter oxidation were omitted. 

Table 6-7 shows that the initial hardening effort was unsuccessful, 
whereas the final effort increased the onset of the catastrophic failure 
mode when the devices were irradiated in the off condition from 1 x 1 0 4 2 
to 5 x 12 12 . The failure mode is caused by a latchup which causes the 
output voltage to move toward the positive supply voltage. The final 
hardened devices also showed smaller shifts in the dc parameters. The 
main drawback of the final hardening process was a significant worsening 
of the output sink current. 
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Table 6-1 . Successful Linear Hardening Efforts 


Device 

Parameter 

Fluence 

e/cm 2 

Mean + 3 
Hardened 

cr Values 

Unhardened 

LM108 

A Vos (mV) 

5 

X 

10 12 

0.50 

1050 



1 

X 

10^3 

0.95 

900 


AIqs (nA) 

5 

X 

1012 

0.52 

6.5 



1 

X 

10"i3 

0.95 

14 


AI B (nA) 

5 

X 

1 0 12 

7.4 

11.6 



1 

X 

10 13 

14.9 

43.2 


Open-loop gain 

5 

X 

10 12 

84 

Failed 


(dB) at 







2-mA load 

1 

X 

1013 

74.7 

Failed 

LM105 

ALoad Regulation 

5 

X 

10 12 

3.55 

26 . 66 

Voltage 

Output Voltage 






regulator 

(mV) 

1 

X 

lol3 

7.48 

20.1 


ALine Regulation 

5 

X 

1012 

3.33 

27.62 


(mV) at 8.5 V 








1 

X 

1013 

8.81 

18.5 


ALine Regulation 

5 

X 

10 12 

13.3 

25.97 


(mV) at 40 V 








1 

X 

10 13 

7.82 

8.22 

LM102 

AV 0 s (mV) 

5 

X 

1 0 1 2 

6.36 

22.7 

Voltage 







follower 


1 

X 

1013 

6.26 

52.5 


AI B (mV) 

5 

X 

10 12 

9.05 

10.8 



1 

X 

1 0 1 3 

18.4 

41.6 
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Table 6-2 . Unsuccessful Linear Hardening Efforts 


Mean + 3 o' Values 

Device Parameter Fluence 

e/ cm^ 

Hardened Unhardened 


LM101 

AVos (mV) 

5 

X 

10 12 

22.1 

8.5 

operational 

AVqs (mV) 

1 

X 

1013 

22.5 

12.7 


AI 0S (nA) 

5 

X 

1012 

13-96 

158.0 


AIos (nA) 

1 

X 

1013 

9.3 

326.0 


Alg (nA) 

5 

X 

10 12 

180.7 

99.0 


Alg (nA) 

1 

X 

10 13 

223-3 

138.0 


Open-loop 
gain (dB) 

5 

X 

1012 

105.4 

90.9 


R L = CD 

1 

X 

1013 

Failed 



Open- loop 
gain (dB) 

5 

X 

10 12 

100.1 

80.6 


R l = 2.5 kS2 

1 

X 

1 0 13 

Failed 



AOpen-loop 
gain (dB) 

5 

X 

1012 

10.0 

41.3 


R L = CO 

1 

X 

1013 

Failed 



AOpen-loop 
gain (dB) 

5 

X 

1Q12 

12.4 

17.9 


R l = 2.5 kfi 

1 

X 

10 13 

Failed 


LM124 

AVqs (mV) 

5 

X 

1012 

4.04 

11.99 

operational 

amplifier 

AVq S (mV) 

1 

X 

1013 

9.4 

10.41 


AIos (nA) 

5 

X 

1012 

15.494 

15.5 


AIqs (nA) 

1 

X 

10 1 3 

27.17 

27.2 


Alg (nA) 

5 

X 

10 12 

159.4 

31.08 


Alg (nA) 

1 

X 

1 0 1 3 

270.9 

55.6 
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Table 6-2. Unsuccessful Linear Hardening Efforts 
( Cont inuat ion 1 ) 







Mean- + 3 cr Values 

Device 

Parameter 

•Fluenee 





e/em2 








Hardened 

Unhardened 

LM124 

AOutput 

5 

X 

1012 

0.0126 

0:0121 

operational 

sink current 

1 

X 

1 o 1 3 

0.0212 

0.0198 

amplifier 

(mA) 






(continued) 

AOutput source 

5 

X 

1012 

0.002 

0.0126 


current (mA) 

1 

X 

10!3 

0.0027 

0.0147 


Open-loop 
gain (dB) 

2.5 

X 

1012 

96.53 

101.12 


2-mA load 

5 

X 

1012 

87.41 

94.03 


AOpen-loop 

2.5 

X 

10 1 2 

5.99 

6.45 


gain (dB) at 
2-mA load 

5 

X 

1 0 1 2 

15.13 

13-12 

LM111 

AV OS(off) 

5 

X 

10 12 

6.05 

2.35 

Comparator ■ 

1 

X 

1013 

1-1 .45 

5.05 


AV 0s (on) < mV > 

5 

1 

X 

X 

1 0 12 
1013 

1.74 

•10.2 

0.851 

0.851 


AI OS(off) ( mV ) 

5 

X 

1012 

167.0 , 

30.7 


1 

X 

10 1 3 

187.7 

74.1 


AI OS(on) < mV ) 

5 

X 

10 12 

18.0 

118.0 


1 

X 

10 1 3 

56.46 

101.0 


AI B(off) ■ 

5 

X 

1012 

1.3 

1.91 


1 

X 

1 0 1 3 

1.3 

1.61 


AI B(on) 

5 

X 

10 12 

1.21 

2.26 


1 

X 

1013 

2.05 

1.9 
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Table 6-3, LM108 Kit Parts 


Parameter 


Fluence, 


e/cm 


Unhardened Hardened 


ON 

I 

VO 


A(1/hpg) = 5 V, 
I c = 50 pA 


2.5 x 10 
5 x 10 
1 x 10 


12 

12 

13 


Vertical 


pnp 


Failed a 4.7 x 10" 3 

Failed 3, 7.4 x 10~ 3 

Failed 3 1.41 x 10" 2 


V CE = 5 V, 
I c = 50 pA 


I CB0 


2.5 x 10 
5 x 10 
1 x 10 


12 

12 

13 


Lateral pnp 


0 


2.5 x 10 
5 x 10 
1 x 10 


12 

12 

13 


Vertical 


pnp 


4.03 X 10" 2 

2.33 

X 

CM ( 

1 

O 


Failed 3 

4.41 

X 

10 


Failed 3 

8 x 

10' 

■2 


7.19 x 10" 1 nA 

1.38 

X 

10" 1 

nA 

11.9 pA 

2.93 

X 

1o :! 

io : 
10 1 

nA 

240 pA 

5.82 

X 

nA 

135 pA 

9.41 

X 

nA 


0 


1.26 x 10 _1 nA 1.25 x 10 _1 nA 


2.5 x 10 12 Lateral pnp 697 nA 

5 x 10 2 1.82 pA 

1 x 10 13 1.87 pA 


1.76 x 10” 1 nA 
3.2 x 10"] nA 
4.4 x 10" 1 nA 


r CE0 


0 56.3 nA 

2.5 x 10 ] 2 Vertical pnp 5.22 pA 

5 x 10 2 35.3 pA 

1 x IO 13 78.6 pA 


5.18 nA 
2.53 nA 

3.19 nA 
3.0 nA 
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Table 6-4. 1/f Noise (Average), at T Hz ('1-Hz Bandwidth) 


Total 

e/cm 2 

Dose 

krad (Si) 

- 

Noise, 

p.V , for 

Indicated Device 



SN 

SN 

SN 

SN 

SN 

SN 



1036 

1037 

1047 

1049 

1050 

3119 

0 

0 

0.5 

0.7 

0.4- 

0.4 

0.5 

0.9 

5 x 10 11 

12.5 

4.0 

3.0 

3.0 

2.5 

3-0 

0.5 

1.25 x 10 12 

30 

0.5 

0.5 

0.5 

0.5 

1.5 

0.6 

2.5 x 10 12 

62.5 

0.5 

0.4 

0.5 

0.5 

1 .0 

0.5 

5 x 10 12 

125 

0.4 

0.5 

0.4 

0.8 

1.3 

0.8' 



SN 

SN 

SN 

SN 

SN 




3107 

3133 

3145 

3177 

3183 


0 

0 

0.5 

• 0.12 

0.15 

0.14 

0.17 


5 x 10 11 

12.5 

0.4 

0.4 

0.30 

0.4 

0.4 


1.25 x 10 12 

30 

0.5 

0.4 

0.35 

0.3 

0.3 


2.5 x 10 12 

62.5 

0.4 

0.4 

0.4 

0.4 

0.5 


5 x 10 12 

125 

0.6 

0.5 

0.5 

0.5 

0.60 
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Table 6-5* Popcorn Noise (Peak) at 1 Hz (1-Hz Bandwidth) 


Total 

e/cm^ 

Dose 

krad (Si) 

— 

Noise, 

pV , for 

Indicated Device 



SN 

SN 

SN 

SN 

SN 

SN 



1036 

1037 

1047 

1049 

1050 

3119 

0 

0 

1.3 

5.6 

4.3 

5.6 

5.1 

2.3 

5 x 10 11 

12.5 

4.5 

7-5 

7.0 

8.0 

6.5 

1.7 

1.25 x 1012 

30 

1.3 

4.9 

4.0 

5.7 

5.0 

1.1 

2.5 x 10 12 

62.5 

1.1 

4.1 

4.1 

5.1 

5.7 

1.2 

5 x 10 12 

125 

1.4 

3.8 

3.7 

5.7 

5.7 

1.2 



SN 

SN 

SN 

SN 

SN 




3107 

3133 

3145 

3177 

3183 


0 

0 

1.7 

.56 

.56 

.36 

.51 


5 x 10H 

12.5 

1.3 

0.5 

0.7 

0.65 

0.8 


1.25 x 1012 

30 

1.3 

0.8 

0.8 

0.5 

0.8 


2.5 x 1012 

62.5 

1.4 

.75 

.8 

.85 

1.0 


5 x 10 12 

125 

1.5 

1.2 

1.3 

1.2 

1.4 
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Table 6-6. 400-Hz White Noise (100-Hz Bandwidth) 


Total 

e/ cm 2 

Dose 

krad (Si) 

- 

Noise, 

p.V , for 

Indicated Device 



SN 

SN 

SN 

SN 

SN 

SN 



1036 

1037 

1047 

1049 

1050 

3119 

0 

0 

1.0 

.8 

.8 

.7 

1.3 

1.1 

5 x 10 11 

12.5 

.4 

.45 

.4 

.4 

5 

.4 

1.25 x 1012 

30 

.4 

.4 

.4 

.4 

5.2 

.4 

2.5 x 10 12 

62.5 

.4 

.4 

.4 ■ 

.4 

5 

.35 

5 x 10 12 

125 

.37 

.37 

.38 

.36 

5 

.46 



SN 

SN 

SN 

SN 

SN 




3107 

3133' 

3145 

3177 

3183 


0 

0 

.26 

.26 

.34 

.45 

5.1 


5 x 10 1 '! 

12.5 

.33 

.42 

.37 

.37 

4.5 


1.25 x 10 12 

30 

.32 

.31 

.32 

.32 

4.4 


2.5 x 10 12 

62.5 

• 33 

.31 

.33 

• 32 

4.4 


5 x 10 12 

125 

.39 

• 32 

.38 

.35 

4.5 



4. Inherently Hard Devices 

The LM105 voltage regulator was improved somewhat by hardening 
(see Table 6-1), but the radiation resistance of the unhardened devices 
was found to be adequate for all Voyager applications. The following 
device types were found to be sufficiently hard, so as not to require 
any device modification: 

Comparators: LM106, LM710 

Voltage Regulators: LM103, LM104, LM723 
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Table 6-7. LM139 Hardening 


Mean + 3 <r 


Null 

Device Parameter Voltage, V 


Fluence, 


e/om^ 


Initial Final 

Hardening Hardening Unhardened 


LM139 


AV 0S (mV) 


+0.7 

5 

1 

1.25 

2.5 

5 

X 

X 

X 

X 

X 

10 !q 

io 1 ! 

10 2 
lO 1 ^ 

On during 
irradiation 

0.975 

1.60 

5.18 

Failed 

0.307 

0.4 

1.8 

1.8 

0.48 

0.45 

1.58 

3-33 

6.28 

+1.4 

5 

X 

lo]* 

On during 

4.7 


63.5 


1 

X 

10 13 

irradiation 

13-33 

— “ - 

Failed 

+0.7 

5 

X 

10 11 

Off during 

5.68 

2.18 

12.24 


1 

X 

1 ° 2 

irradiation 

25.9 

— 

Failed 


1.25 

X 

1° 


...... 

1-59 

Failed 


2.5 

X 

10 9 


Failed 

37.9 

Failed 


5 

X 

10 19 


Failed 

Failed 

Failed 

+1.4 

5 

X 

10 \\ 


Failed 

— 

2.25 


1 

X 

10 13 


Failed 

— 

Failed 


H 
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Device 


LM139 


Table 6-7. LM139 Hardening 

(Continuation 1) 


Mean + 3<r 


A Iqs (nA) 


Null 





Initial 

Final 


Voltage, V 


Fluence , 

e/cm 2 

Hardening 

Hardening 

Unhardened 

+0.7 

5 

X 

10 11 

On during 

28.31 

2.4 

7.01 


1 

X 

10 

irradiation 

37.96 

— 

12.5 


1.25 

X 

10 2 


— 

16.98 

29.0 


2.5 

X 

10 ? 


66.37 

43.7 

65.3 


5 

X 

10 12 


Failed 

71.3 

97.2 

+1.4 

5 

X 

10 n 

On during 

38.45 


310.0 


1 

X 

10 13 

irradiation 

Failed 


Failed 

+0.7 

5 

X 

i°]! 

Off during 

106.99 

43.4 , 

7.78 


1 

X 

10 12 

irradiation 

235-73 

— 

Failed 


1.25 

X 

10 


— 

20.2 

Failed 


2.5 

X 

10 


Failed 

93.7 

Failed 


5 

X 

10 12 


Failed 

Failed 

Failed 

+1.4 

5 

X 

10 12 


Failed 

— — 

55.5 


1 

X 

10 13 


Failed 


Failed 
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Table 6-7. LM139 Hardening 

(Continuation 2) 


Mean + 3 <r 




Null 




Initial 

Final 


Device 

Parameter 

Voltage, V 


Fluence, 

e/cm 2 

Hardening 

Hardening 

Unhardened 

LM139 

A/B (nA) 

+0.7 

5 

x lO 1 ^ 
x lo] 2 
x 10 12 
x 10] 
x 10 12 

On during 

106.99 

149.6 

96.7 




1 

irradiation 

235.73 

— 

188.9 ff 




1.25 


— 

317.9 

193.8 




2.5 


482.48 

433.0 

608.3 < 




5 


Failed 

482.4 

1860.0 h 


— t— i 

+1.4 5 x lo] 2 On during 209.38 500.1 

1 x 10 13 irradiation 385.36 Failed 


+0.7 5 x 10 11 Off during 

1 x lo] 2 irradiation 
1.25 x 10] 2 
2.5 x 10 f 
5 x lo] 2 
+1.4 5 X io ] 2 

1 x 10 13 


152.1 

150.5 

104.6 

289.85 


Failed 

— 

331.9 

Failed 

Failed 

455.8 

Failed 

Failed 

Failed 

Failed 

Failed 


512.3 

Failed 

— 

Failed 
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Device 


LM139 


Table 6-7. LM139 Hardening 

(Continuation 3) 


Mean -3c 


Null 

Parameter Voltage, V 


Fluence , 

p 

e/cm 

Initial 

Hardening 

Final 

Hardening 

Unhardened 

Output sink 1 . 5 

5 

X 

10 2 

On during 

6.02 

5.46 

Negative 

current (mA) 

1 

X 

1° ? 

irradiation 

5.14 

— 

1.02 

1.25 

X 

10 




3-12 




2.5 

X 

10^ 2 


3.96 

2.11 

0.04 


5 

X 

10 12 


Failed 

1.73 

Negative 


5 

X 

10 11 

Off during 

6.45 

5.35 

Negative 


1 

X 

1°ll 

irradiation 

5.17 

~ - 

Failed 

1.25 

X 

10 




3.00 



2.5 

X 

10 12 


Failed 

2.03 

Failed 


5 

X 

1 0 12 


Failed 

Failed 

Failed 

0.7 

5 

X 

10 11 

On during 


6.99 

9.98 

1.25 

X 


irradiation 


5.19 

9.74 


5 

X 

1° 2 

Off during 


7.60 

10.05 

1.25 

X 

10 12 

irradiation 


3.46 

Failed 
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Table 6-7. LM139 Hardening 

(Continuation 4) 


Mean -3c 


Null 

Device Parameter Voltage, V Fluence, e/cra 2 


Initial Final 

Hardening Hardening Unhardened 


ON 


LM139 


A Output 

1.5 

5 

X 

10 1 1 

sink current 


1 

X 

lo] 2 

(mA) 


1.25 

X 

10 12 



2.5 

X 

10 1? 



5 

X 

10 12 


On during 
irradiation 


-3.54 

-5.50 

-6.17 

-6.73 

— 

— 

— 

8.13 

-12.20 

-7.43 

-9.35 

-19.01 

Failed 

-9.84 

-24.5 


5 x 10 | ^ Off during 

1 x 10 ] irradiation 

1.25 x lo] 2 

2.5 x 10 12 

5 x 10 12 


0.7 


5 x 10 
1.25 x 10 
5 x 10 
1.25 x 10 


11 

12 

11 

12 


On during 
irradiation 
Off during 
irradiation 


-3.72 

-5.62 

-6.32 

-5.66 

— 

Failed 

— 

-8.23 

— 

Failed 

9.46 

Failed 

Failed 

Failed 

Failed 


-4.12 

-1.93 

-6.39 

-5.30 

-4.32 

-1.99 

-6.29 

Failed 
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SECTION VII 

CHARACTERIZATION TEST RESULTS 


The results of characterization tests conducted in the radiation 
program are summarized in th'is section under generic device type . 
Detailed test results are contained in Reference 1-1 . 


A. TEST DATA 1R0M OTHER SOURCES 

A comprehensive analysis of existing test data was undertaken 
at the start of the characterization program but was eventually terminated 
by the Voyager Project Office due to the small benefits being derived. 

The critical analysis included reviewing the following: 

(1) The manufacturer, device type, date, and lot codes. 

(2) Bias conditions during irradiation and measurements (see 
Section V ) . 

(3) Type of radiation facility, such as LIN AC (potentially 
destructive because of high flux pulses) and cobalt 60 
(no bulk damage) (see Section V). 

(4) In situ testing to minimize annealing (see Section V). 

(5) Annealing due to test methods (see Section V). 

Analysis of these data from sources other than JPL generally 
revealed the following: 

( 1 ) Obsolete data . 

(2) Bias conditions during irradiation not known. 

(3) Measurements not iri situ . 

(4) LIN AC, cobalt 60, and neutron test results not applicable 
for electron effects. 

(5) Information on date codes and lot codes missing. 

The bulk of the data was from 

(1) Massachusetts Institute of Technology, Lincoln Laboratory 
— data valid but old. 

(2) The Boeing literature search (Contract 952565, May 1970) 
and the Hughes literature search (Contract 953957). 
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(3) harry Diamond Laboratories; Total Dose Data File, dated 
3/4/76, and "Radiation Effects on Semiconductor Device, 
Summary of Data," June 1974. 

(4) General Electric; "Electronic Parts Characterization for 
Jupiter Radiation Environments," April 1974. 

(5) Jet Propulsion Laboratory; preliminary data on proton, 
neutron, electron and gamma ray tests. 


B. BIPOLAR TRANSISTORS 

Bipolar transistors degrade in an ionizing radiation environment 
because of an increase in the base current. There is a strong increase 
in the degradation at low current levels . Some transistors degrade 
far more than others, due to the formation of inversion layers near 
the surface of doped p-regions, thus causing enhanced p-n junction 
leakage . 

In transistors, this inversion appears mostly as a decrease in 
hpp, primarily at low collector currents, lg. figure 7-1 shows the 
effect of 5 x 10 1 2 e/cm 2 on various transistors. The mean value of 
A(1/hpg) is plotted as a function of the collector current. Table 7-1 
shows values for all bipolar transistors tested. The value of A(1/hpp) 
varies approximately as Iq*" 1 / 2 . It has, therefore, been proposed by 
V. A. J. Van Lint to reject devices that fall above a line Ad/hpg) = 
0.01 Iq~ 1/ 2 , where Iq is in mA, and to establish a design tolerance 
of A(, 1/hpg) = 0.03 lg (see Figure 7-1). 

It may be noted that the radiation resistance strongly depends 
on the processing line; e.g., the 2N2222 made by Vendor A is one of 
the better devices, whereas the same device fabricated by Vendor B 
is among the worst. Some device types show a slight dependence on 
operation in the saturated or unsaturated condition (Figure 7-2). 
Several device types show a bimodal distribution (Figure 7-3). 
Irradiate-anneal techniques have been employed in one instance to 
remove the inferior devices (see Section IV-E-4). 
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Fig. 7-1. Gain Degradation, A(1/h FE ), vs Collector Current 
for Different Bipolar Transistors 



Fig. 7-2. Comparison of Gain Degradation in ‘the Saturated and 
Unsaturated Mode of the 2N2907A Transistor 
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Fig. 7-3. Bimodal Distribution of a Bipolar Transistor 
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Table 7-1 • Bipolar Transistor Types in Order of Increasing Sensitivity 


Device 

Type 

Manu- 

facturer 3 

Sat. (S)/ 
Unsat. (U) 

Bimodal 

Dist(B)/ 

Outliers(O) 

A( 1/hpg) at 

Indicated Iq 

in mA, at 5 x 10 ^ e/cra^ 

0.01 0.1 

1.0 

10 100 1000 

2N2907 

MOT 

U 


5.9x10“ 4 

2.9x10" 4 

2.2x10" 4 

2N3251 

MOT 

U 



3.5x10 -4 

2.7x10 -4 

2N2484 

TIX 

u 


8.1x10~ 4 

5.4x10“ 4 


2N2907 

TIX 

u 


1.1x10"3 

4.4x10“ 4 

3.6x10“ 4 

2N3440 

RCA 

u 



5 .5x10“ 4 


2N3805 

FAS 

u 


2.3x10-3 1.15x10-3 

7 .2x10 -4 


2N3637 

MOT 

u 


1.3x10-3 

7-4x10- 4 

1x10“ 4 

2N2907 

MOT 

s 




6.5x10- 4 

MQ2905 

MOT 

u,s 

0 


1x10-3 

7x1 0“ 4 

2N2907 

TIX 

s 




8x10" 4 

2N2605 

TIX 

u 


3x10-3 1.9x10-3 

1 .4x10-3 


2N3637 

MOT 

s 


2.3x10-3 

1.4x10-3 


2N2222 

TIX 

s b 


2.5x10-3 

1.3x10-3 


2N2605 

CTI 

u 


4.9x10-3 2.8x10-3 

1.6x10-3 
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Table 7-1. Bipolar Transistor Types in Order of Increasing Sensitivity 
(Continuation 1) 


Device 

Type 

Manu- 

facturer 3 

Sat. (S)/ 
Unsat. (U) 

Bimodal 
Dist(B)/ 
Outliers (0) 

A(1/hpg) at 

Indicated Ig 

in mA, at 5 x 10^2 e/cm2 

0.01 

0.1 

1.0 

10 100 1000 

2N3350 

TIX ' 

S 

0 

4.7x10-3 

3.4x10 -3 

1.8x10~ 3 


2N2920 

TIX 

S 



6.2x10“3 

3.3x10-3 


2N2484 

CTI 

U 



4.8x10-3 

2.5x10-3 


2N2975 

FAS 

U 


1 .4x10-2 

6.7x10“3 

3.1x10-3 


2N2975 

FAS 

S 


1.65x10- 2 

7.3x10-3 

3.5x10-3 


2N930 

TIX 

U 

B 

2x10- 2 

8.4x10-3 

3x10-3 


2N2222 

TIX 

u° 

0 


9x10-3 

3.4x10"3 

1.4x10-3 

SS3137 

MOT 

s 





1.45x10-3 

2N918 

MOT 

u 


2.4x10-2 

9x10-3 

4x10-3 


2N2920 

TIX 

u 

B 


9.5x10-3 

• 4.2x10 -3 


2N4044 

CTI 

u 





6.4x10“^ 

MQ3467 

MOT 

s 

0 



4.2x10-3 

1.3x10-3 8.7x10“^ 

2N2857 

MOT 

u 




4.7x10-3 

2.2x10-3 

2N2222 

TIX 

Ub 



1.6x10-2 

5.4x10-3 

1.8x10-3 
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Table 7-1* Bipolar Transistor Types in Order of Increasing Sensitivity 
(Continuation 2) 


Device 

Type 

Manu- 

facturer 3 

Sat. (S)/ 
Unsat. (U) 

Bimodal 

Dist(B)/ 

Outliers(O) 


A(1/h FE ) at 

Indicated Iq 

in mA, at 

5 x 10 12 e/cm 2 

0.01 

0.1 

1.0 

10 

100 

1000 

SDT3303 

SOD 

U 




4x10-3 

3.2x10-3 

2.4x10-3 

1.8x10-3 

SDT3304 

SOD 

U 




5.5x10-3 

3.4x10-3 

2.5x10-3 

1 .8x10"3 

PA7443 

RAY 

S 

0 



8.6x10-3 

2.5x10-3 

3x10-3 


KD6001 

KMC 

U 




1.2x10-2 




MQ2219 

MOT 

U 

0 




2.3x10-3 



2N2222 

TIX 

S c 

0 


1.7x10- 2 

1.3x10-2 

2.5x10-3 



2N2060 

TIX 

U 


IxlO” 1 

3.5x10“ 2 

f 

1.5x10-2 




2N3501 

MOT 

U 



3x10- 2 

9x10-3 

5x10-3 



2N2222 

TIX 

S d 



4x10-2 

9x10-3 

4x10-3 



2N2222 

TIX 

U d 


2X10" 1 

SxlO- 2 

1.3x10-2 

3.4x10-3 



SDT3303 

SOD 






4.2x10-3 

3.2x10-3 

2.5x10-3 

SA2267 

RAY 

s 

0 



•1.95x10-2 

5.5x10-3' 



2N2222 

MOT 

u 



l.lxlO" 1 

2.2x10-2 

4.3x10-3 



2N3057 

RAY 

s 



2.2X10- 1 

l.lxlO- 2 

3.8x10“3 

3.5x10-3 



' I°A Ih-LL 



Table 7-1. Bipolar Transistor Types in Order of Increasing Sensitivity 
(Continuation 3) 


. Device 1 

yianu- 

Sat. (S)/ 

Bimodal 

Dist(B)/ 

A(1/hpg) at 

Indicated Iq 

in tnA, at 

5 x 1 0 1 2 e / cm 2 

Type facturer a 

Unsat. (U) 

Outliers (0) 

0.01 

0.1 

1.0 

10 

100 1000 

2N2222 

MOT 

S 



3x10- 2 

6.4x10-3 


3029-202-1 

BAY 

S 




7.8x10-3 

1.2x10-3 

SQ1079 

MOT 

S 




8.4x10-3 

7.6x10-3 

MQ3725 

MOT 

S 

B,0 


2x10- 2 

9x10-3 

3.5x10-3 

3029-201-1 

RAY 

S 




1.2x10-2 

2.7x10-3 

2N2880 

SOD 

U 



7.5x10-2 

1.3x10- 2 

2.7x10-3 9.5x10-3 

2N2658 

SOD 

U 



7.6x10-2 

1.7x10-2 

3.4x10“3 

MG2219 

MOT 

S 

O 



4x10" 2 

5x10-3 

SDT5553 

SOD 

U 

0 

1.2x10° 

2.7X10- 1 

4.6x10“2 


SDT4905 

SOD 

U 



3.7X10" 1 

3.9x10-2 


SDT5553 

SOD 

S 

0 

2.1x10° 

5.4x10-1 

6x10-2 

3.7x10-3 

a See Appendix A for 
b 1974, 1975. 

°1973. 

d 1971, 1972. 

vendor identification codes. 
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Table 7-1 may be used to estimate degradation at 5 x 1012 e /em 2 at 
the collector currents (Iq) listed. This is calculated using the following 
formula : 

1 

h FE = 

(post- irradiation) ■] + / -| 

hFE \hFE 

(pre-irradiation) 

where the degradation value is taken from Table 7-1. 

For example, the TI 2N2605 has a A(1/hpg) degradation value of 
0.003 (from Table 7-1) at an Ic of 0.01 mA. for example, the 

pre-irradiation hp E were 100, then 


h FE 

( post- irradiation ) 


1 

= 76.9 

-J_+ .003 
100 

(pre-irradiation) 


For most values of hpg, Table 7-2 may be used by locating A(1/hp E ) 
on the left side of Table 7-2 and the pre- irradiation hpg across 
the top. The post-irradiation hpg is found where the row and column 
intersect. 


C. JBET's 


The JFET’s listed in Table 7-3 were all characterized by JPL 
in a radiation environment. From these results and consultations with 
Siliconix, only the lightly doped n-channel devices were screened. 

The p-channel and more heavily doped n-ehannel devices are not as prone 
to an inversion layer formation, which results in a large increase in 
the gate-source (Iqss) leakage current after irradiation. In addition, 
the lightly doped n-channel devices are subject to enhanced leakage 
through the substrate. This is particularly important in JFET switches 
and can also contribute extra noise in sensitive input stages. Table 7-4 
indicates the Iqss degradation during screening tests. The leakage 
current is a strong function of the bias applied to the gate junction 
during radiation, which was chosen to conform to applications require- 
ments . All devices showed a minimum increase of one order of magnitude 
due to an increase in the surface recombination velocity, with greater 
increases produced by inversion layers. At higher total doses, IGSS 
varies the dose 3> as 

I GSS = (k$) a 

where a varies from 2 to 5. The higher values of a. indicate the presence 
of an inversion layer. 
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Table 7-2. Final Values of beta (based on Al/p = 1/p = l/p Q ) 


■ 

10 

12 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

110 

120 

130 

140 

150 

170 

200 

250 

300 

350 

400 

.0005 

9.95 

11.9 

14.9 

19.8 

24.7 

29.6 

34.4 

39.2 

m 

48.8 

53.3 

58.1 


07.6 

72.5 

7 G .9 

81.3 

86.2 

90.9 

m 

104 

114 


m 


156 

xo 2 

222 

263 

294 

333 

ilroC 

9.93 

11.9 

14.9 

19.7 

24.6 

29.4 

34.1 

38.9 

Eg 

48.3 

52.9 

57.5 


66.7 

71.4 

75.8 

80.0 

84.8 



102 

111 


m 


152 

175 

212 

250 

278 

313 

.001 

9.90 

11.9 

14.8 

19.6 

24.4 

29.2 

33.8 

38.5 

43.1 

47.6 

52.1 

56.6 

61.0 

65.4 

69.9 

74.1 

78.1 

82.6 

87.0 

90.9 

99.0 

107 

115 

124 

130 

145 

167 

200 

233 

256 

286 

.0015 

9.85 

11.8 

14.7 

19.4 

24.1 

28.7 

33.2 

37,7 

42.2 

46.5 

51.8 

55.0 

59.2 

63.4 

67.6 

71.4 

75.2 

79.4 

83.3 

87.0 

94.3 

102 

109 

116 

122 

135 

154 

182 

208 

227 

250 

.002 

9.90 

11.7 


19.2 

23.8 



37.0 

41.3 

m 

49.5 

53.6 

57.5 

G 1.4 

65.4 

C 9.0 

72.5 

76.3 

80.0 


90.1 

96.8 

103 

110 

115 

127 

143 

167 

m 

204 


.0025 

9.76 

11.7 


19.0 

23.5 


32.2 

36.4 

40.6 

m 

48.3 

52.2 

55.9 

59.6 

63.3 

68.7 

69.9 

73.5 

76.9 


86.2 

92.3 

98.0 

104 

109 

119 

133 

154 

m 

185 


IED3I 

9.71 

11.6 

14.3 

18.9 

23,3 

27.5 

31.7 

35.7 

39.7 

43.5 

47.2 

50.8 

54.4 

57.9 

61.4 

64.5 

67.6 

70.9 

74.1 

78.9 

82.6 

88.2 

93.5 

99.0 

103 

112 

125 

143 

159 

170 

182 


9.66 

11.5 

14,3 

18.7 


27.2 

31.2 

35.1 

38.9 

42.6 

46.1 

49.5 

52.9 

56.2 

59.5 

62.5 

65.4 

68.5 

71.4 

74.1 

79.4 

84.8 

89.3 

94.3 

98.0 

106 

118 

133 

147 

156 

167 

.004 

9.62 

KEj 

14.1 

18.5 


26.8 

30.7 

34.5 

38.2 

41.7 

45.1 

48,4 

51.6 

54.7 

57.8 

60.6 

63.3 

66.2 

£9.0 

71.4 

76.3 

81.1 

85.5 

90.1 

93.8 

101 

111 

125 



154 

.005 

9.52 

n*i 


18.2 

EfJH 

26.1 

29.9 

33.3 

36.8 

40.0 

43.1 

46.2 

49.0 

51.9 

54.6 

57.1 

59.5 

62.1 

64.5 

06.7 

70.9 

75.0 

78.7 

82.6 

85.7 

91.7 

100 

111 



133 

.006' 

9.43 

11.2 

13.8 

17.9 

21.7 

25.4 

28.9 

32.3 

35.5 

38.5 

41.3 

44.1 

46.7 

49.3 

51.8 

54.1 

56.2 

58.5 

60.6 

82,5 

66.2 

60.8 

73.0 

76.3 

70.0 

84.0 

00.0 

100 

108 

112 

118 


9.35 

11.1 

13.6 

17.5 

21.3 

24.8 

28.1 

31.3 

34,3 

37.0 

39.7 

42.3 

44.6 

47.0 

49.3 

51.3 

53.2 

55.2 

57.1 

58.8 

62.1 

C 5.2 

G 8.0 

70.9 

73.2 

77.5 

83.3 

90.9 

97.1 

iql 

105 


9.26 

11.0 

13.4 

17.2 

20.8 

24.2 

27.4 

30,3 

E £1 

35.7 


40.5 

42.7 

44.9 

47.0 

48.8 

50.5 

52.4 

64.1 

55.6 

58.5 


63.7 

66.2 

68.2 

71.9 

76.9 


88.5 

91.7 

95.2 


9.17 

10.8 

13.2 

16.9 

20.4 

23.6 

26.6 

29.4 


34.5 


39.0 

41.0 

42.9 

44.8 

46.5 

48.1 

49.8 

51.3 

52.0 

55.3 


60.0 

62.1 

63.8 

67.1 

71.4 


81.3 


87.0 

.010 

9.09 

10.7 

13.0 

16.7 

20.0 

23.1 

26.0 

28.6 

31.1 

33.3 

35.5 

37.5 

39.4 

41.2 

42.9 

44.4 

45.9 

47.4 

48.8 

50.0 

52.4 

54.5 

50.5 

58.5 

60.0 

62.9 

00.7 

71.4 

75.2 

77.5 

80.0 

.011 

9.01 


12.0 

10.4 

19.6 

22.6 

25.3 

27.7 

30.1 

32.3 

34.3 

36.1 

37.4 

39.5 

41.1 

42.6 

43.4 

45.3 

48.5 

47.6 

49.7 

51.2 

53.5 

55.3 

58.5 

59.2 

62.5 

66.7 

69.9 

71.9 

74.1 

mt 



12.7 

16.1 

19.2 

22.1 

24.7 

27.0 

29.2 

31.3 

m 

34.9 

36.5 

38.1 

39.5 

40.8 

42.0 

43.3 

44.4 

m 


49.2 

EH 

52.4 

53.6 

55.9 

58.8 

02.5 

05.4 

47.1 

69.0 

IBB 

if 5 

ill 

12.6 

15.9 

nil 

21.6 

24.1 

26.3 

28.4 

30.3 


33.7 

35.2 

38.6 

38.0 

39.2 

40.3 

42.5 

42.6 


45.3 

47.0 

48.3 

49.8 

50.8 

52.9 

55,6 

68.8 

01.4 

G 2.9 

64.5 

.014 

ill 

10.3 

12.4 

15.6 

18.5 

21.1 

23.5 

25,6 

27.6 

29.4 

31.1 

32.6 

34.0 

35.1 

36.6 

37.7 

38.8 

39.8 

40.8 

41.7 

43.3 

44.8 

48.1 

47.4 

48.3 

50.3 

52.6 

55.6 

57.8 


00.6 

.015 

8.70 

10.1 

12.2 

15.4 

18.2 

20.7 

23.0 

25.0 

26.9 

28.0 

30.1 

31.6 

32.9 

34.1 

35.3 

36.4 

37.3 

38.3 

39.2 

40.0 

41.5 

42.9 

44.1 

45.3 

46.2 

47.9 

50.0 

52.0 

54.0 

55.9 

57.1 

.017 

8.02 

10.0 

12.0 

14.9 


19 


23.8 

25.5 

27.0 

28.4 

29.7 

30.9 


33.0 

33.9 

34.7 

35.6 

.3 G .4 

37.0 

BUI 

39.5 

40.5 


42.2 

43.7 

45.5 

47.6 

48.3 


51.3 

.020 

8.33 

9.67 

11.5 

14.3 

16.7 

m 


22.2 

23.7 

25.0 

26.2 

27.3 

28.3 


30.0 

30.8 

31.5 

32.2 

32.8 

33.3 

34,4 

35.3 

38.1 


37.5 

38.6 

22 ; 

41.7 

42.9 

43.7 

44 4 

.025 

8.00 

9.23 

10.9 

13.3 

15.4 

17,2 

18.7 

20.0 

21.2 

22.2 

23.2 

24.0 

24.7 

25.5 

29.6 

26.7 

27.2 

27.7 

28.2 

28.6 

29.3 

30.0 

30.6 

31.2 

31.0 

32.4 

33.3 

34.5 

35.3 

35.8 

38.4 

.030 

7.89 

8.82 

10.3 

12.5 

14.3 

15.8 

17.1 

18.2 

L 9. 2 

20.0 

20.8 

21.4 

22.0 

22.0 

23.1 

23.5 

23.9 

24,3 

24.7 

25.0 

25.6 

EH 

20.5 

27.0 

27.3 

27.0 

2 B .0 

29.4 

29.0 

30.4 

30.8 

.035 

7.41 

6.48 

9.83 

11.8 


14.6 

m 

16.7 


18.2 

18.7 

m 

19.8 

20.3 

22.8 

21,0 

21.4 

21.7 

22.0 

m 

l|?M 

23.0 


23.8 

24.0 

24.5 

25.0 


20.1 

20.4 

28.7 

.040 

7.14 

8.11 

9.38 

11.1 



m 

15.4 

16.1 


17.2 

m 

18.0 

18.4 

18.0 

19.0 

19.3 

19.6 

19.8 


Ell 

20.7 


21.2 

21.4 

21.8 

22.2 

22.7 

23.1 

23.3 

23.5 

.050 

6.67 

7.50 

8.57 

10.0 

11.1 

12.0 

12.7 

13.3 

13.9 

14.3 

14.7 

15.0 

15.3 

15.6 

15.8 

16,0 

16.2 

16.4 

16.5 

16.7 

16.9 

17,2 

17.3 

17.8 

17.6 

17.9 

18.2 


18.8 

iHrs 

19.1 

.060 

6.25 

8.98 

7.89 

9.09 

10.0 

10.7 

11.3 

11.8 

12.2 

12.5 

12.8 

13.0 

13.3 

13.5 

13.6 

13.8 

13.9 

14.1 

14.2 

14.3 

14.5 

14.6 

14.8 


15.0 

15.2 

15.4 

ml 

15.8 

15.9 

16.0 

fjgj 

5.88 

6.52 

7.32 

8.33 

^83 

9.71 


10.5 


11.1 

11.3 

11.5 

11.7 

11.8 

12.0 

12,1 

12.2 

12.3 

12.4 

12.5 

12.0 

12.8 

12.0 

m 

13.0 

m 

13.3 

13.5 



ifffi 

B 3 

5.56 

6.12 

6.82 


8.33 

8.85 

9.21 

9.52 

9.8 

10.0 

10.2 

10.3 

10.5 

10.6 

10.7 

10.8 

10.9 

11.0 

11.1 

11.1 

11.2 

11.3 

11.4 

11.5 

11.5 


11.8 

11.9 



ijjff 

.090 

5.26 

5.77 

8.38 

7.14 

7.69 

8.13 

8.42 

8.70 

8.9 

9.09 

9.25 

9.38 

9.49 

9.59 

9.68 

9.76 

9.68 

9.80 

9.95 



10.2 

10.2 

Ifllfrl 

10.3 

10.4 

10.5 

10.6 


10.8 


.100 

5.00 

5.45 

6.00 

6.67 

7.14 

7.52 

7.81 

m 

8.2 

8.33 

8.46 

8.57 

8.67 

8.75 

8.83 

8.89 

8.95 

9.00 

9.05 

m 

9.17 

9.23 

9.20 

0.34 

9.28 

9.44 

9.52 

9.62 

9.68 

9.72 

9.76 
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Table. 7-3- JFET Characterization Devices 


Device Type 


Channel Type 


2K2608 

P 

2N3066 a 

n 

2M3331 

P 

2N3382 

P 

2N3824a 

n 

2N3686 a 

n 

2N4093 a 

n 

2N4391 a 

n 

2N4392 a 

n 

2M4393 a 

n 

2h44l6 

n 

2N4856 a 

n 

2h5196 a 

nb 

2N5434 

n 

2N5520 a 

n a 

2N5556 a 

n 

2N5906 a 

n° 

VCR3P 

P 


a Lightly doped n-channel devices considered 
to have a potential inversion layer problem. 

^Matched . 

c Dual . 
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Table 7-4. Behavior of Iqss of n-channel JFET's 




Current , 

A 


Device Type 

Gate Bias 
During 

Irradiation , V 

Pre-irradiation 

After 

60 krad(Si) 
Irradiation 

aa 

2M4093 

-20 

10“ 10 

10-9 

5 

2K4391 

-20 

10-10 

3 x 10-1° 

2 

2N4391 a 

-20 

10" 10 

9 x 10 -10 

2.4 

2N4392 

-20 

10-10 

10-9 

2.4 

2N4393 

-20 

10 -10 

5 x 10“ 9 

4 

2N4&56 

-20 

10-10 

4 x 10- 10 

3.4 

2N5196 

-10 

5 x 10 -11 

7 x 10" 11 

2.5 

2N5520 

-10 

5 x 10-H 

7 x 10-11 

2.2 

2N5556 

-15 

io-io 

3 x 10“ 10 

2.2 

a Defined above 

(Section VII-C) 

in discussion of JFET's. 


^Unscreened . 
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b. Linear Integrated Circuits 

1 . Operational Amplifiers 

Low-power operational amplifiers of the type generally employed 
in space applications are extremely sensitive to ionizing radiation 
(Reference 6-4). Even at comparatively low fluences, there is a signif- 
icant change in the dc parameters, causing them to exceed the specifica- 
tion limits. Also, some device types may exhibit failure modes at 
these radiation levels that render the devices inoperative.. 

The open-loop gain and other ac parameters degrade with ionizing 
radiation. The decrease in open-loop gain is strongly dependent on 
the output load. Under a load current of 2 mA, the decrease in open- 
loop gain at a fluence of 5 x 10 ^ 2 e/cm 2 varies from 20 'to 60 percent, 
depending on the device type. In defective devices with catastrophic 
failure modes, the decrease in open-loop gain is much greater than 
this. The slew rate tested under conditions defined in the manufac- 
turer's specifications decreased slightly at 5 x 10 12 e/cm* 1 , except 
in. LM101 devices, where the slew rate decreased up to 50 percent. 

The tables of worst-case parameter values , which are presented 
according to device type, list the manufacturer's specification limits 
(initial value) and the mean + 3o- value of the devices tested, for each 
stated fluence/dose ; i.e., the parameters should not exceed the values 
listed under each mean + 3<r confidence level. 


a. National LM101 . This device exhibited large parameter 
changes with radiation exposure (see Table 7-5 for worst-case values). 

An inversion layer causes a large increase in the differential stage 
output current which makes the device unstable (Reference 6-6). Device- 
hardening efforts were unsuccessful, and it was necessary to subject 
the flight devices to IRAN screening (see Section VIII-A-2). 


b. National LM10S . The LM108 also had an inversion layer 
problem which caused a large increase in the differential stage output 
current, thereby making the device unstable (Reference 6-6). This 
is shown in Figure 7-4, together with the circuit used. This device 
type was successfully hardened by the manufacturer (see Section VI-C-1), 
and the flight devices were diffusion-metallization lot-screened (see 
Section VIII-A-1). 

Table 7-6 lists the worst-ease values. The contrast between 
the hardened and unhardened devices is very significant . Although 
the values for Alg were not very different, there was an enormous dif- 
ference in AVqs and AIqs> with the unhardened device catastrophically 
failing in AAql • 
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Pig. 7 — 4 . Inversion Layer Effect in LM108 Operational 
Amplifiers 
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Table 7-5. Operational-Amplifier Worst-Case Parameter Values, National LM101 







Post-irradiation 

Value 3 at Indicated Dose and 

Fluence 

Device 




Initial 

12.5 krad(Si) 
5 x 10 " 

30 krad(Si) 
1.25 x 10 12 

60 krad(Si) 
2.5 x IQ 12 

125 krad(Si) 
5 x 10* 2 

Type 

Mfg. 

Parameter 

Value 

e/era 2 

e/cm 2 

e/cm 2 

e/cm 2 

LM101AF 

LM101AH 

NSC 

V 0S 

(mV) 

2 

3 

4 

5 

12 



AV 0S 

(mV) 


1 

2 

3 

10 



I os 

(nA) 

10 

13 

14 

16 

25 



AIqs 

(nA) 


3 

4 

6 

15 




(nA) 

75 

135 

168 

212 

300 



ai b 

(nA) 


35 

68 

112 

200 

LM101AF 

LM101AH 

NSC 

v os 

(mV) 

2 



2, 8 b 

10.6 



AV 0S 

(mV) 




0.8 b 

8.6 



I os 

(nA) 

10 



18. 8 b 

168 



AI 0S 

(nA) 




8.8 b 

158 




(nA) 

75 



125 b 

151 



ai b 

(nA) 




50 b 

76 • 

a Post-irradiation 

values indicate anticipated post-Jupiter 

mean +3cr. 



b Dose = 

50 krad(Si) . 
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Table 7-6. Operational-Amplifier Worst-Case Parameter Values, National LM108 






Post -irradiation 

Value 3 at Indicated Dose and 

Fluence 




initial 

12.5 krad(Si) 

30 krad(Si) 
1.25 x 10 12 

60 krad(Si) 

125 krad(Si) 

Device 



5 x 10 11 

2.5 x 10 12 

5 x loj 2 

Type 

Mfg. 

Parameter 

Value 

e/cm 2 

e/cm 2 

e/cm 2 

e/cm 2 

LM108 

(Unhard) 

NSC 

v 0 s W) 

2.0 

2.3 

2.5 

59 

1052 



AV 0S (mV) 


0.3 

0.5 

57 

1050 



I 0S 

0.2 

0.6 

1.6 

6.6 

6.7 



AIq 5 (nA) 


0.4 

1.4 

6.4 

6.5 



Ij3 (nA) 

2.0 

3.7 

6.5 

13.3 

13.6 



Alg (nA) 


1.7 

4.5 

11.3 

11.6 



A ol , (dB> 


— 

- 

- 

Failed 



2 mA 






LM108AH 

(Hard) 

NSC 

V os (mV) 

0.9 

1.0 

1.1 

1.35 

1.65 



AV 0S (mV) 


0.1 

0.2 

0.45 

0.75 



I 0S (nA) 

0.5 

0.6 

0.65 

0.8 

■ 1.1 



AI og (nA) 


0.1 

0.15 

0.3 

0.6 



' I B (nA) 

4.0 

6 

6 

8.5 

13 



Alg (nA) 


2 

2 

4.5 

9 

a Post-irradiation 

values indicate anticipated post-Jupiter 

mean +3cr. 
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Table 7-6. Operational-Amplifier Worst-Case Parameter Values, National LM108 
(Continuation 1) 






Post-irradiation 

♦ 

Value a at Indicated Dose and 

Fluence 

Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

12.5 krad(Si) 
5 x IQ 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x IQ 12 
e/cm 2 

125 krad(Si) 
5 x 10j 2 - 
e/cm 2 

LM108AH- 
' (Hard) 

NSC 

a ol> ( dB ) 

2 mA 


- 

- 

92 

84 



V os (mV) 

2 

■2.1 

2.2 

2.45 

2.75 



AV QS (mV) 


0.1 

0.2 

0.45 

0.75 



I OS (nA) 

0.5 

0.6 

6.65 

0.8 

1.1 



AIqs (nA) 


0.1 

0.15 

0.3 

0.6 



I B (nA) 

4 

6 

6 

8.5 

13 



AI b (nA) 


.2 

2 

4.5 

9 



A ql , (dB) 
2mA 


- 

- 

92 

84 

a Post-irradiation 

values indicate anticipated post-Jupiter 

mean +3cr- 
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c. National LM124 . The LM124 is a quad device (four circuits 
on one die) and was the only operational amplifier tested for sink 
current. In addition, the device was biased V + = +15 V, V“ = 0 V and 
V + = +15 V, V~ = -15 V during testing. 

The V + = 15 V and V~ = 0 V conditions are listed in Table 7-7 
and show the Aparameters increasing from 5 to 10 times. There was 
no significant change in the I sink or Isource current. The V + = +15 V 
and V~ = -15 V bias conditions resulted in much more severe parameter 
degradation than the V+ = +15 V and V“ = 0 V conditions. Device- 
hardening efforts for this device were unsuccessful. The flight devices 
were sample-lot screened (see Section VIII-A-1 ) . 


d. Harris HA2520. HA2600. and HA2620 . Table 7-8 lists the 
worst-case parameter values for all three devices. The HA2520 was 
measured using no load and a 500-ohm load. The different load conditions 
did not cause a significant difference in the degradation. The changes 
for the three devices at 5 x 1012 e/cm^ were as follows: 


Device 

AV 0S ,mV 

AIqs , nA 

AIb,hA 

AAql , dB 

HA2520 

8.5 

50 

900 

— 

HA2600 

3.0 

65 

65 

75 

HA2620 

6.0 

40 

85 

85 


The value of Aq^ for the HA2600 degraded approximately three 
times as much as the HA2620, in terms of V/mV. The large signal band- 
width for the HA2620 degraded much more severely than the small-signal 
bandwidth, as shown in Table 7-8. 


e. Harris. HA2700 . Both the can and the flat pack versions 
of this device are discussed below. 


1) HA2-27 QP_...(Can)_. Although the AVQg, AIqs, and Alg parameters 
degraded moderately, as shown in Table 7-9, the reduction in open-loop 
gain under load was severe, degrading from over 300,000 at 12.5 krad(Si) 
to 10,000 at 125 krad(Si) . 

2) HA9-2700 (Flatpack) . The difference in the parameter 
degradation of the HA2-2700 and the HA9-2700 is of particular importance. 
The open-loop gain of the HA9-2700 (flatpack) degraded much more severely 
than the HA2-2700 can-type package (see Table 7-9 for worst-case values). 
In addition, five sample-lot screened irradiated Harris HA9-2700 (TO-91, 
10-pin flatpack) operational amplifiers were tested for open-loop gain 

( a OL) on the GR 1730 and on a special HA2700 Aql text fixture. Four 
of the five parts were nonoperational because the negative output level 
would not swing the minimum requirement of -12.0 V, though all parts 
functioned normally in the positive direction. Input levels and offset 
adjustments were normal, but outputs would not swing per negative spec- 
ification (see Table 7-10). This behavior is attributed to the method 
of sealing the HA9-2700 flatpack devices. 
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Table 7-7. Operational -Amplifier Worst-Case Parameter Values, National LM124 


Post-irradiation Value 3 at Indicated Dose and Fluence 


Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 
5 x 10 12 
e/om 2 

LM124F 

NSC 

Vqs (mV) b 

5 

6 

8 

10 

15 

(Quad) 










AV 0S (mV) 


1 

3 

5 

10 



ios ( nA ^ 

30 

45 

60 

110 

150 



AIqs (nA) 


15 

30 

80 

120 



I B (nA) 

150 

210 

270 

350 

450 



AI b (nA) 


60 

120 

200 

300 



•’■Sink 0 



No change 





^Source 0 



No change 




a Post-irradiation values indicate anticipated post-Jupiter mean +3tr. 
b V + = 15 V, V- = OV. 

°5-kilohm load. 
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Table 7-8. Operational-Amplifier Worst-Case Parameter Values, Harris HA2520, HA2600, and HA2620 


Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

Post-irradiation 

Value 3 at Indicated Dose and 

Fluence 

12.5 krad 
5 x 10 1 
e/cm 

(Si) 

30 krad (Si) 
1.25 x 10' 2 
e/cm 2 

60 krad (Si) 
2.5 x 10 12 
e/em 2 

125 krad(Si) 
5 x W 12 
e/cm 2 









No Output 

Load 


HA9- 

2520 

HAR 

V 0S 

(mV) 

8 

9 


9.5 

10.6 

16.5 

HA2- 

2520 












A »os 

(mV) 


1 


1.5 

2.6 

8.5 




I 0S 

(nA) 

25 

33.7 


41 

66 

75 




AI 0S 

(nA) 


8.7 


16 

4l 

50 




Ib 

(nA) 

200 

315 


460 

650 

1100 




ai b 

(nA) 


115 


260 

450 

900 









500 Ohm Output Load 





v os 

(mV) 

8 

9.6 


11.2 

13. 1 

16.5 




A v os 

(mV) 


1.6 


3-2 

5.1 

8.5 




I os 

(nA) 

25 

45 


45 

66 

75 




AI 0S 

(nA) 


20 


20 

41 

50 

a Post 

-irradiation values indicate anticipated post-JUDiter 

mean +3 ■ 
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Table 7-8. Operational-Amplifier Worst-Case Parameter Values, Harris HA2520, HA2600, and HA2620 
(Continuation 1) 






Post-irradiation 

Value a at Indicated Dose 

and Fluence 

Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x IQ 12 
e/cm 2 

125 krad(Si) 
5 x 10j 2 
e/cm 2 






500 Ohm Output Load 




Ig (nA) 

200 

360 

520 

800 

1100 



AI b (nA) 


160 

320 

600 

900 



A ol , (dB) 
2mA 


- 

- 

70 

65 






No Output 

Load 


HA9-2600 

HAR 

V QS (mV) 

4 


4.05 

4.5 

7.0 



AV 0S (mV) 



0.05 

0.5 

3.0 



I os (nA) 

10 


18 

35 

75 



AI 0S (nA) 



8 

25 

65 



I B (nA) 

10 


12 

24 

75 



Alg (nA) 



2 

14 

65 



Aql > ( dB ) 
2 raA 




90 

- 75 

a Post-irradiation 

values indicate anticipated post-Jupiter mean +3o\ 
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Table 7 

-8. Operational-Amplifier 
(Continuation 2) 

Worst-Case Parameter 

Values, Harris 

HA2520, HA2600 

, and HA2620 



Post-irradiation 

Value a at Indicated Dose and 

Fluence 

Device 

Type 

Initial 

Mfg. Parameter Value 

12.5 krad(Si) 
5 x IQ 1 " 
e/em 2 

30 krad(Si) 
1.25 x 10 12 
e/cra 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 
5 x 10 12 
e/cra 2 




No Output Load 


HA9-2620 

HA2-2620 

HAR V QS (mV) 4 

AVq 3 (mV) 



4.2 b 
0. 2 b 

10 

6 


IqS (nA) 15 



27 b 

55 


AI 0S (nA) 



12 b 

40 


I B (nA) 15 



23 b 

100 


Alg (nA) 



8 b 

85 


a ol» 

2 mA 



85 

85 


Large signal 

Bandwidth 

(kHz) 



550 

450 


Small Signal 
Bandwidth (MHz) 



18 

18 

a Post-irradiation' values indicate anticipated post-Jupiter mean +3<r. 



b Dose = SO 

krad(Si). 
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‘Table 7-9. Operational-Amplifier Worst-Case Parameter Values, Harris HA2700 


Device 

Type Mfg. 

Parameter 


Post-irradiation 

Value 3 at Indicated Dose and 

Fluence 

Initial 

Value 

12.5 krad(Si) 
5 x IQ' ' 
e/em 2 

30 krad(Si) 
1.25 x 10 12 
e/em 2 

60 krad(Si) 
2.5 x lo’ 2 
e/cm 2 

125 krad(Si) 
5 x 10^ 2 
e/cm 2 

HA2-2700 Harris 

V os (mV) 

3 

3.4 

4 

5 

8 

(Can) 








AV 0S (mV) 


0.4 

1 

2' 

5 


I os (nA) 

10 

11 

14 

16 

18 


AI qs (nA) 


1 

4 

6 

8 


Xg (nA) 

20 

24 

30 

40 

45 


AXg (nA) 


4 

\ 

10 

20 

25 


Aql> (dB) 


110 

100 

90 

80 


2 mA 






HA9-2700 Harris 

V os (mV) 

3 

4 

6 

12 

28 

(Flatpack) 








AV 0S (mV) 


1 

3 

9.0 

25 


Iq S (nA) 

10 

18 

19.5 

13 

20 


AIqs (nA) 


8 

9.5 

13 

20 

a Post-irradiation 

values indicate anticipated post-Jupiter 

mean +3<r. 
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Table 7-9. Operational-Amplifier Worst-Case Parameter Values, Harris HA2700 
(Continuation 1) 


Post-irradiation Value 3 at Indicated Dose and Fluence 


Device 

Type 

Mfg. Parameter 

Initial 

Value 

12.5 krad(Si) 
5 x IQ 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x IQ 12 
e/cm 2 

125 krad(Si) 
5 x 10j 2 
e/cm 2 


I B (nA) 

20 

32 

40 

45 

60 


Alg (nA) 


12 

20 

25 

40 


a ol > < dB > 


100 

90 

b 

b 


2 mA 


. T ' M 

a Post-irradiation values indicate anticipated post-Jupiter mean +3<r. 
b Catastrophic reduction in output voltage swing in negative direction. 
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lable 7-10. Results for HA9-2700 (Flatpaek) After Exposure to 
5 x 10 12 e/cm^ 





Open-Loop Gain, dB 


S/h 

Output Voltage 
Maximum Swing, 
V 

Signal on 

+IN (Pin 4) 

Signal on 

-IN (Pin 3) 



Output at 
0 to +10V 

Output at 
1 to -10V 

Output at 
0 to +10V 

Output at 
0 to -10V 

1 

+ .03 

95 

0 

95 

0 

2 

-.35 

97 

66 

97 

67 

3 

+.26 

100 

0 

99 

0 

4 

hormal 

97 

98 

98 

98 

5 

-3-63 

96 

86 

96 

88 


f. Intersil. ICL8007AM . This device uses JFET inputs and 
consequently has very low initial input currents. These input currents 
are below normal measurement capabilities ( <50 pA) and the data at 
5 x 10H and 1.25 x 10‘12 e/cm2 (Table 7-11) represent the upper boundary. 
The degradation at 2.5 x 10 12 e/cm^ is within the equipment measurement 
capabilities and shows severe degradation compared to the initial manu- 
facturer's specification values of Iqs = 0.2 pA and Ib = 0.5 pA maximum. 
At 5 x 10 12 e/em^, these devices were catastrophic failures. It was 
necessary to shield these devices heavily, in addition to diffusion- 
metallization sample-lot screening. 


2 . Comparators 

Comparators are sensitive to ionizing radiation, and they also 
proved rather difficult to measure. However the LM106 and LM710 are 
considered hard (see Section VI-C-4) but are included here for the 
sake of completness (see Table 7-12). The devices of prime interest, 
the LM 111 and LM139, operate at extremely low current levels and are 
subject to frequency oscillations. The oscillations were suppressed 
by capacitative decoupling of all circuit elements. Kigh-precision 
resistors were used to obtain accurate measurements of the input offset 
current. The LM111 experienced considerable increases in the dc param- 
eters (see Table 7-13.) 


7-25 






7-26 


Table 7-11. Operational-Amplifier Worst-Case Parameter Values, Intersil ICL8007AM 




Post-irradiation Value a at 

Indicated Dose 

and Fluence 

Device 

Type Mfg. Parameter 

Initial 

Value 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10* 2 
e/cm 2 

125 krad(Si) 
5 x 10jj 2 
e/cm 2 

ICL8007AM Intersil V QS (mV) 

20 

21.3 

21 .4 

35 

Failed 

AV os (mV) 


1.3 

1.4 

15 

Failed 

I 0S l ' pA ^ 

0.2 

42 

42 

150 

Failed 

Ifi(pA) 

0.5 

36 

39 

71 

Failed 

a Post-irradiation values indicate anticipated post-Jupiter 

mean +3 o'. 
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Table 7-12. Comparator Worst-Case Parameter Values, LM106 and LM710 


Device 

Type 

Mfg. 

Parameter 


Post-irradiation Value 3 at 

Indicated Dose 

and Fluence 

Initial 

Value 

12.5 krad(Si) 
5 x lo” 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10* 2 
e/cm 2 

125 krad(Si) 
5 x 10 ' 2 
e/cm 2 

LM106 

NSC 

v os (raV) 

3 




3.1 



AV 0S (mV) 





0.1 




3 




4.7 



AI os (pA) 





1.7 



I B (pA) 

20 




22 



AI B (pA) 





2 

LM710 

NSC 

V 0S (mV) 

2.0 



2.1 

2.6 



AV os (mV) 




0.1 

0.6 



I 0S (pA) 

3.0 



3-9 

10.5 







0.9 

7.5 



I B (pA) 

20.0 



22.0 

29.9 



AI b ((jlA) 




2.0 

9.9 

a Post-irradiation values indicate anticipated post-Jupiter 

mean +3cr. 




77—41 , Vo 1. 
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Table 7-13- Comparator Worst-Case Parameter Values, LM111 






Post-irradiation Value 3 at 

Indicated 

Dose 

and Fluence 

Device 



Initial 

12.5 krad(Si) 
5 x 10 11 

30 krad(Si) 
1.25 x 10 12 

60 krad( 
2.5 x 10 


125 krad(Si) 
5 x IQ 12 

Type 

Mfg. Parameter 

Value 

e/cm 2 

e/cm 2 

e/cm 2 


e/cm 2 

LM111F 

LM111H 

NSC 

V os (mV) 

3 

4.5 

6 

8 


9 



AV qs | ( mV) 


1.5 

3 

5 


6 



I 0 s(nA) 

10 

75 

145 

225 


335 



AX 0S |(nA) 


50 

120 

200 


310 



I B (nA) 

100 

700 

1100 

1250 


1300 



Alg(nA) 


300 

700 

850 


900 

LM111 

NSC 

V 0S (mV) 

3 



5.5 


8 



AV os (mV) 




2.5 


4 



Iqs(hA) 

10 



45 


190 



AI 0S (nA) 




35 


180 



I B ( A) 

0.1 



1.1 


2.1 



AI b ( A) 




1 


2 

a Post~irradiation 

values indicate anticipated post-Jupiter 

mean +3tr. 





•IQ A ‘ iWi. 
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The LM139 was the subject of a major hardening effort, described in 
Section VI-C. Both hardened and unhardened devices were used on the spacecraft, 
since the hardened devices were obtained too late in time and in insufficient 
numbers. The devices are extremely dependent on the bias conditions during 
irradiation and were therefore subjected to many different bias conditions, 
as shown in Table 7-14. The devices fail catastrophically at low fluenoes 
when biased in the off condition during irradiation. However, this happens 
only if the supply voltage is set at +15 V. If the supply voltage is reduced 
to +5 V, the devices fail only at 1 x 10^3 e/em 2 . The null voltage was originally 
set at 1.4 V, whereas all the applications require 0.7 V. Table 7-15 shows 
typical worst-case values for both hardened and unhardened devices. 

If the devices are cycled on and off in the radiation environment, 
the radiation resistance depends on the duty cycle . A 50 percent duty 
cycle is equivalent to the on state. A short on pulse with a long 
repetition frequency is equivalent to the off state . Devices irradiated 
passively degrade slightly more than when they are biased in the on 
state . 


The output sink current was measured throughout most of the charac- 
terization tests with the output at 1.5 V (see Table 7-15). On repeat- 
ing the measurements with the output at 0.7 V, there was a substantial 
improvement in the radiation resistance, as shown in Table 7-16. More- 
over, the initial pre-irradiation value of the sink current was the 
same for both hardened and unhardened devices . This was not true of 
the earlier measurements at 1.5 V. All Voyager applications require 
0.7 V output. 


3. Voltage Regulators 

Voltage regulators are relatively unaffected by ionizing 
radiation (Section VI-C-4). The line and load regulations of LM723 
changed by less than 0.03 percent at 5 x 10 12 e/cm 2 . The stability 
of the LM105 was even better (<0.015 percent) and was improved by 
another factor of 2 by process changes. The LM103 regulator diode 
is known to be hard to 1 x 10 ^ e/cm^. Table 7-17 gives the worst- 
case values. 


4. Voltage Followers 

Six National hardened semiconductor LM102F voltage followers 
were tested (see Section VI-C-1 for hardening details). After exposure 
to 5 x 1012 e/cm 2 , the mean value of AV 0 g = 2.48 mV and Alg = 6.01 nA 
(see Table 7—18) . These devices were samples from the only LM102 diffusion- 
metallization lot screened for Voyager, and the lot was accepted. 
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Table 7-14. LM139 Quad Comparator Radiation Test Summary 


Failures at fluence levels 3 

Bias Condition 

During Irradiation 


Test 

Manu- 

Date 

Supply 

Mull 

Input Outputs 

Date 

facturer 

Process Code 
code 

voltage, 

V 

voltage, 

V 

No. Condition 


12/20/74 

NSC 

Standard 

406 

+5 

+1.4 

1- 

+50 mV 

On 







1 + 

Gnd 








2- 

-130 mV 

Off 







2+ 

Gnd 


3/20/75 

NSC 

Standard 

402 

+15 

+1.4 

1- 

+50 mV 

On 




and 



1 + 

Gnd 





502 



2- 

-130 mV 

Off 







2+ 

Gnd 


4/16/75 

NSC 

(LM339) 

403 

+15 

+0.7 

1- 

+50 mV 

On 



Standard 




1 + 

Gnd 








2- 

Gnd 

Off 







2+ 

+50 MV 


11/7/75 

NSC 

Standard 

406 

+15 

+0.7 

1- 

+50 mV 

On 







1 + 

Gnd 








2- 

Gnd 

Off 







2+ 

+50 Mv 


11/6/75 

NSC 

Standard 

406 

+15 

+0.7 

1- 


50> duty 







1 + 

b 

~pulse 







2- 


56 ps 







2+ 

b 

pulse 

11/6/75 

NSC 

Standard 

406 

+15 

+0.7 

1- 







(during 


1 + 

Open 

Passive 0 





meas) 


1- 









1 + 

Open 

Passive 0 

11/25/75 

NSC 

Hardened 

Lot 

+15 

+0.7 

1- 

+50 mV 

On 




E2035 



1+ 

Gnd 








2- 

Ond 

Off 







2+ 

+50 mV 



Mo. of 
Devices 

2.5x1o” 

e/cm 2 

5x10^ 

e/cra 2 

IxlO 1 ^ 

e/cm 2 

1.25x1o] 2 
e/cm 2 

2.5x10] 2 

e/cm 2 

5x10 12 

e/cm^ 

1X10 1 ; 

e/cm' 

6 

- 

- 

- 

- 

- 

0 

1 

6 

- 

- 

- 

- 

- 

0 

1 

3 

0 

0 

0 

- 

- 

- 

- 

3 

0 

0 

2 

- 

- 

- 

- 

6 

- 

0 

0 

- 

0 

1 

- 

6 

- 

0 

3 

- 

6 

6 

- 

3 

- 

0 

- 

0 

0 

0 

- 

3 

- 

0 

- 

0 

3 

3 

- 

3 

- 

0 

- 

0 

0 

0 

- 

3 

- 

0 

- 

0 

3 

3 

- 

3 

- 

0 

- 

0 

0 

0 

- 

3 

- 

0 

- 

0 

0 

0 

- 

3 

- 

0 

- 

0 

0 

0 

- 

3 

- 

0 

- 

0 

0 

3 

- 


I 


<2 

O 


M 
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Table 7—14- LM139 Quad Comparator Radiation Test Summary 

(Continuation 1) 


Bias Condition 
During Irradiation 


Failures at fluenoe levels 3 


Test 

Date 

Manu- 
facturer Process 

Date 

Code 

code 

Supply 

voltage, 

V 

Null 

voltage, 

V 

No. 

Input Outputs No. of 

Devices 

Condition 

2.5x10^ 

e/cm 2 

5x10^ 

e/cm 2 

IxlO 1 * 

e/cm 2 

1.25x10^ 2 

e/cm 2 

2.5x10^ 2 

e/cnr 

5x10 12 

e/cm 2 

IxlO 1 ^ 

e/cm 2 

1/23/76 

NSC 

Unhard 

Lot 

+15 

+0.7 

1- 

+50 

mV 

On 

6 


0 


0 

0 

0 




Flight' 

09079A 


1+ 

Gnd 













Parts 

10145 















6/3/76 

NSC 

Unhard 

Lot 

+15 

+0.7 

1- 

+50 

mV 

On ■ 

9 

- 

0 

0 

0 

_ 

_ 

_ 



Flight 

09079A 


1+ 

Gnd 













Parts 

10145 



2- 

Cnd 


Off 

9 

- 

0 

2 

6 

- 

- 

- 







2+ 

+50 

mV 










6/3/76 

NSC 

Hard 

Lot 

+15 

+0.7 

1- 

+50 

mV 

On 

3 

_ 

0 

_ 

0 

0 

0 

- 



Flight 

R10213-A 


1+ 

Gnd 













Parts 

7610 



2- 

Gnd 


Off 

3 

“ 

0 

- 

0 

0 

3 

- 


2+ +50 mV 


—V 

I 

Jr 


< 

O 

I—’ 

I — l 


a Null amplifier saturated during do measurements for one or more parameters. 

b Input (1-) =0 to 100 mV, 50> duty cycle. Input (1+) = 50 V dc. 

Input (2-) = 0 to 100 mV, 56 s pulse every 3 a. 

Input (2+) = 50 mV dc. 

°No supply voltage applied during irradiation. 


if 

ss 

§w 

a » 
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Table 7-15. Comparator Worst-Case Parameter Values, LM139 


Device 

Type Mfg . 


LM139 NSC 
(Unhard) 


Post-irradiation Value 3 at Indicated Dose and Fluenoe 


Parameter 

Initial 

Value 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 kradfSj 
5 x 10 12 , 
e/cm 2 

v 0S(on> <“ lV > 

5 

5.5 

7.0 

9.0 

12.0 

AV OS(on) (mV) 


0.5 

2.0 

4.0 

7.0 b 

V 0S(off) (mV) 

5 

17.5 

Failed 

Failed 

Failed 

AV 0S(off) (raV) 


12.5 

Failed 

Failed 

Failed 

I OS(on) (nA) 

25 

35 

55 

95 

375 

AI OS(on) ^ nA ^ 


10 

30 

70 

350 

I 0S(off) (nA) 

25 

35 

Failed 

Failed 

Failed 

AI OS(off) (nA) 


10 

Failed 

Failed 

Failed 

Z BV(on) (nA) 

100 

210 

400 

750 

2100 

AZ B(on) ^ nA ^ 


110 

300 

650 

2000 

I B(off) (nA) 

100 

210 

Failed 

Failed 

Failed 

AI B(off) (nA) 


110 

Failed 

Failed 

Failed 

AI Sink(on) ^ mA ^ 

,o 

-7.0 

-14 

-22 

-28 
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Table 7-15- Comparator Worst-Case Parameter Values, LM139 
(Continuation 1) 






Post-irradiation 

Value a at 

Indicated Dose 

and Fluence 

Device 



Initial 

12,5 krad(Si) 
5 x 10” 

30 krad(SL 
1.25 x 10 11 

1 60 krad(Si) 

2.5 x 10 12 

125 krad(Si) 
5 x 10 12 

Type 

Mfg. 

Parameter 

Value 

e/cm 2 

e/cm 2 

e/cm 2 

e/cm 2 

LM139 

NSC 

Al Sink^ 0 ^ 






(Unhard) 


duty cycle 
(mA) c 


-6.0 

-14 

-22 

-28 



Al Sink(off) 


-7.0 

Failed 

Failed 

Failed 



(mA) c 






LM139 


V 0S(on) (mV) 

5 

5.5 

5.5 

7 

7 

(Hard) 



0.5 

0.5 

2 

2 

AV 0S(on) (mVj 



V 0S(off) (mV) 

5 

7.2 

7-2 

45 

Failed 



AV 0S(off) (raV ) 


2.2 

2.2 

40 

Failed 



■ l '0S(on) ^ nA ^ 

25 

27.5 

45 

75 

100 



AI 0S(on)^ nA ^ 


2.5 

20 

50 

75 



I 0S(off) 

25 

70 

70 

125 

Failed 



AI 0S(off) (nA ) 


45 

45 

100 

Failed 



^B(on) ^ nA ^ 

100 

250 

420 

550 

600 



AI B(on) ^ nA -* 


150 

320 

450 

500 



I B(off) (nA) 

100 

2500 > 

450 

600 

Failed 
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Table 7-15. Comparator Worst-Case Parameter Values, LM139 
(Continuation 2) 




Post-irradiation 

Value a at 

Indicated Dose 

and Fluence 



12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 

60 krad(Si) 

125 krad(Si) 
5 x 10 12 

Device 

Initial 

2.5 x 10 12 

Type 

Mfg. Parameter Value 

e/cm 2 

e/cm 2 

e/cm 2 

LM139 

(Hard) 

AI B(off) (nA ) 

150 

350 

500 

Failed 


^Sink(on) 

5.4 

3.0 

2.0 

1.7 


(mA) c 






AI Sink(on) 

-5.5 

-8.2 

-9.4 

-9.9 


(mA)° 






I Sink(off) 

5.3 

3.0 

2.0 

Failed 


(mA) c 






AI sink(off) 

-5.7 

-8.3 

-9.5 

Failed 


(mA)° 






a Post-irradiation values indicate anticipated post- Jupiter mean +3cr. 
b Null voltage = 0.7V Q . 

° V out s U5 V ‘ 
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Table 7-16. Maximum Change in Sink Current for LM139 


Device 

Condition 

Output 
Voltage, V 


Sink Current 

Change, mA, for 

Indicated Fluence 

5 x 10 11 
e/cm 2 

1 x 10 12 

O 

e/cm 

1.25 x 10 12 
e/cm 2 

2.5 x 10 12 
e/cm 2 

Unhardened 

1.5 

-5.0 

-10.8 




0.7 

-1.6 

-4.1 



Hardened 

1.5 

-4.9 


-7.3 

-8.4 


0.7 

-3.6 


-5.6 

-6.7 
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Table 7-17. Voltage Regulator Worst-Case Parameter Values, LM103, LM105, and LM723 


Device 

Type 

Mfg. 

Parameter 


Post-irradiation 

Value 3 at Indicated Dose and Fluence 

Initial 

Value 

12.5 krad(Si) 
5 x 10 ” 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 
5 x 10 12 
e/cm 2 

LM103 

NSC 

AV Z , .Olma(mV) 





6.1 



AV Z , O.lmA(mV) 





7.5 



AV Z , 1.0mA (mV) 





27 

LM105 

NSC 

ALoad Reg (mV) 


7 

25.5 

28 

140 



ALine Reg (mV) 


11 

26 

32 

112 

LM723 

NSC 

AV out (mV) 





31 



AV Ref (mV) 





1.1 



A Line R e g (?) 





0.09 



ALoad Reg (?) 





0.04 

a Post-irradiation values indicate anticipated post-Jupiter 

mean +3(r. 
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Table 7-18* Voltage Follower Worst-Case Parameter Values, LM102 


Device 

Type 

Mfg. 

Parameter 


Post-Irradiation Value 3, at Indicated Dose 

and Fluence 

Initial 

Value 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 
5 x 10 12 
e/cm 2 

LM102F 

NSC 

V 0S (mV) 

4 




12 

(Hard) 










AV 0S (mV) 





8 



Ig(nA) 

3 




12 



AI B (nA) 





9 

a Post-irradiation 

values indicate anticipated post-Jupiter 

mean +3o\ 




77-41, Vol . 



77—4 1 , Vol. I 


5. Current Switches and D/A Converters 

The allowable error in the current switches is usually expressed 
in terms of fractions of the least significant bit (LSE), with normal 
allowable errors being of the order of 1/2 LSB. 

The 1CL 801 8 reached a 1/2-LSB error at 2.2 x 10 12 e/cm 2 for a 10- 
bit D/A converter. The corresponding fluence for the AD550 was 0.5 
x 10^1 e/cm 2 . The LSB error is due to a decrease in the LSB output 
current. A radiation- induced leakage path produces a loss in collector 
current which causes the device to be completely inoperative at 1 x 
lO^ e/cm 2 as the LSB current drops to zero. No problems were observed 
in current gain, logic threshold, output leakage current, or response 
time. Table 7-19 lists device linearity deltas; i.e., the effects 
of LSB current changes are subtracted out of the data. For total 
error for any given bit, the AL g B must be multiplied by the bit weighting 
and added to the value shown in°the data. Parameter AV BE was not stable, 
because of servo loop biasing and collector-base leakage current problems. 
Parameter AV BE and A(1/h EE ) are for the test device reference transistor. 

The AD550 current switches were tested in a similar manner to 
the ICL8018 and gave similar results (see Table 7-19). A linear model 
for the degradation of the output current with increasing fluence indicates 
that a 10-bit converter with an AD550U reference current of 0.125 mA 
may exhibit a 1/2-LSB error at a fluence of 6.5 x 10 ^ e/cm 2 . 

The current gains of the AD550U transistors begin at high values 
and remain high up to 5 x 10 ^ 2 e/cm 2 and thus pose no problem in the 
application of these devices. The observed changes in the logic thresholds 
of the AD550U with radiation are within the accuracy of the measurements 
and thus these changes are insignificant. The radiation-induced changes 
in the output leakage of the AD550U are not severe enough to seriously 
affect the use of this device. The response time data of the AD550U 
shows no discernible degradation of the response time up to 5 x 10 12 e/cm 2 . 
An additional radiation test on three flight parts confirmed the values 
shown in Table 7-19. 

The DAC-01, a 6- bit monolithic D/A converter, showed significant 
changes in bipolar zero-scale offset and in full-scale voltage on irradia- 
tion (see Table 7-19). The HI-1060 8-bit D/A converter, which is a 
bipolar device, was found to be relatively stable on irradiation under 
operating conditions. The maximum change in output voltage at 60 krad(Si) 
was -22 mV. The HI-1080 function is not considered impaired by a 60- 
krad(Si) dose. 


6. Sense Amplifier 

Information obtained from Motorola on their MC 1 544 sense amplifier 
indicated that this device was hard in a weapon's radiation environment. 
However, there was some concern about the effect on the spontaneous 
switching time, which had not previously been measured. Some flight 
devices were irradiated to 2.5 x 1012 and 5 x 10l 2 e/cm 2 under representa- 
tive bias conditions, and the following parameters were measured: 
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Table 7-19. Current Switch and D/A Converter Worst-Case Parameter Values 


Post-irradiation Value a at Indicated Dose and Fluenee 


Device 

Type 

Mfg. 

Initial 

Parameter Value 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1 .25 x 1 0 1 2 
e/cra 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 
5 x 10 12 
e/cm 2 

AD550 

ADI 

AIlsb'VA) 

.0025 

.0055 

0.3 

0.6 



^^BIT 

.56 

.74 

0.5 

0.7 



AIbi'j’ (pA) 

.20 

.27 

0.55 

0.4 



Alsif (pA) 

.11 

.058 

0.25 

0.15 



AI L (nA) 



4 

10 



AV BE (mV) 

1.1 

1.8 

5 

5 



A( 1/hpg) 

3 x 10“ 4 

3.7 x 10 -4 

1.2 x 10~ 3 

1.8 x 10 -3 

DAC-01 

PMI 

Bipolar Zero 
Scale Offset 







AV 0S10SF +( ' mV ^ 

-110 

-180 

-400 

-530 



AV 0S10SF~^ mV ^ 

110 

240 

370 

530 



Full-Scale 
■ Voltage 







AV FS +(mV) 

-120 

-1 80 

-400 

-530 



AV FS -(mV) 

100 

170 

360 

510 
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Table 7-19. Current Switch and D/A Converter Worst-Case Parameter Values 
(Continuation 1) 


Device 

Type 

Mfg. Parameter 


Post-irradiation 

Value 3, at 

Indicated Dose 

and Fluence 

Initial 

Value 

12.5 krad(Si) 
5 x 10 17 
e/cm 2 

30 krad(Si) 
1.25 x 10*2 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 
5 x IQ 12 
e/cm 2 

ICL8018 

Intersil I (uA) 




0.12 

1.3 

ICL8019 

LSB 






ICL8020 

ai bxt 3 ^ a ^ 




0.06 

0.11 


a ^bit^^ a ^ 




0.17 

0.37 


AIpiT ^ ( MA) 




0.38 

0.71 


AI L (nA) 




2.3 

29 1 * 


AV BE (mV) 




6 

8 


A( 1/hpg) 




2 x 10~ 3 

2.5 x 10”3 

a Post-irradiation values indicate anticipated post-Jupiter 

mean +3cr. 
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spontaneous switching time, threshold voltage, propagation delay time, 
input bias currents, and power supply currents. Radiation produced 
a decrease in the spontaneous switching time, except for those devices 
that were initially out of specification. These showed little change. 

The propagation delay increased slightly at 2.5 x 10 "1 2 e / c ^, but reverted 
close to its pre-irradiation level at 5 x 10 ^ 2 e/cm 2 . There was no 
significant change in any other parameter. 


7. Phase-Locked Loop 

The Exar Integrated Systems phase-locked-loop type XR215 was 
tested by the RYBIC subsystems group on the Boeing LIMC up to 
2 x 1 0 1 3 e/em 2 . The device showed only insignificant changes in capture 
range, lock range, and free-running frequency up to the highest fluence 
measured . 

The HYBIC subsystem group also tested the Harris Type HA2800 
locked loop, but the performance of this device type degraded significantly 
at fluence levels that exceeded 7.5 x 10 ^ e/cm 2 . The device was deleted 
from Voyager usage, as the manufacturer discontinued production. 


8. Voltage-Controlled Oscillator 

Six devices of the Intersil Type ICL8038 voltage-controlled oscil- 
lator were irradiated 5 x 10^ 2 e/cm 2 . The mean of the output frequency 
decreased by 0.021 kHz with a worst-case (mean + 3cr) shift of 0.2 kHz. 
There was no measurable change in the output voltage. 


9 . RF Amplifiers 

Six Motorola Type MIC 76T rf amplifiers were characterized prior 
to irradiation and after fluences of 5 x 10 1 2 and 1 x 10^3 e/cm 2 . 

A test fixture was modified so that a variable control voltage was 
applied to the fixture instead of the two fixed voltages prior to 
modification. This modification allowed a complete gain curve to be 
monitored, covering a gain of +27 dB to -25 dB at a frequency of 20 MHz. 

The radiation tests indicated no measurable gain change at positive 
gains and only a moderate gain change when the devices were operated 
at negative gains. The worst-case gain change amounted to +1.0 dB 
at a fluence of 1 x 10^3 e/cm 2 at negative gains, which is the condition 
of strong rf signals at the radio input. Subsequent Dynamitron tests 
on flight lots with the devices biased under operating conditions during 
radiation gave similar results. 


10. RF Mixers 

Eight Motorola MIC236 and MIC336 rf mixers were irradiated at 
5 x 10 1 2 and 1 x 10^3 e/cm 2 by 3-MeV electrons from the Boeing LINAC. 
Four each of the devices were dc biased and four were not biased during 
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radiation exposure. No significant difference was observed after 
irradiation. There were no catastrophic failures, and only slight 
parameter changes were noted . Similar results were obtained on subsequent 
tests at the JPL Dynaraitron. 


E. ANALOG SWITCHES 

1 . Analog Switches Without MOS Devices 

Increased leakage in Ig (off) is caused by an increase in gate 
leakage of JFET's under 30-V gate bias. Leakage currents up to 25 nA 
were observed in devices DG129 and DG133, and leakage currents up to 
50 nA in DG141. The worst-case bias condition during radiation was 
with the inputs in the off condition. Worst-case (mean + 3(r)' values 
are shown in Table 7-20. 

The JFET's used in these hybrid devices were sample-tested 
separately, and the worst devices tested showed gate leakage currents 
up to 5 pA at 5 x 10^ 2 e/cm 2 when 30 V was applied to the gate junction 
during irradiation. Such devices usually exhibit bimodal distributions. 
The leakage currents of the better devices were less than 10 nA. 


2. Analog Switches Containing MOS Devices 

Analog switches containing MOS devices are very sensitive to 
radiation, but the effects vary strongly with the bias condition during 
radiation and under test, and also with the manufacturer. 

A dynamic test indicated that the DG181 device can latch up at 
about 5 x 10 12 e/cm 2 , producing Ig ( Q ff) and I]) (off) currents up to 
1 mA. The DGM111 and the DG125 showed increases up to 5.5 kft in 
rps (on) at 5 x 10" 12 e/cm 2 , but this parameter is very dependent on 
bias conditions, as indicated in Table 7-20. 
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Table 

7-20. 

Analog Switch Worst-Case Parameter 

Values 


Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

Post-irradiation 

Value 3 at Indicated Dose 

and Fluence 

12.5 krad(Si) 
5 x 10 11 
e/cra 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si] 
2.5 x 10 12 
e/cm 2 

1 125 krad(Si) 

5 x 10 12 
e/cm 2 






Devices without MOS 


DG129 

SIL 


1 

2 

6 

7.5 

15 b 

DG133 

SIL 

I S ( off ^ ^ uA) 

1 

2 

6 

7.5 

15 

DG141 

SIL 

I S(off) (nA) 

3 

5 

15 

30 

60 

a Post-irradiation values indicate anticipated post-Jupiter 

mean +3c r. 



b 25 nA 

for nonscreened parts. 
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Table 7-20. Analog Switch Worst-Case Parameter Values 
(Continuation 1) 


Device 

Type 

Mfg. 

Initial 

Parameter Value 

Post-irradiation 

Value 3 at Indicated Dose and Fluence 

12.5 krad(Si) 
5 x 10 11 
e/cm 2 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10* 2 
e/cm 2 

125 krad(Si) 
5 x IQ 12 
e/cm 2 





Devices with 

i MOS 


DG181 

SIL 

■'■Stoff) 1 

1 

1 

7.5 

Failed 



I D(off)^ nA ^ 1 

1 

1 

2,0 

Failed 

DGM111 

SIL 

I S(off) (nA) 

- 

- 

- 

30 



I D(off ) ^ nA ^° 

- 

- 

- 

260 



^D(off ) ^ nA ^ <I 

0.05 

0.06 

0.8 

5 



r DS(on) (ohms)C 

- 

- 

- 

100 



r DS(on) (ohms > d 

120 

250 

250 

1000 


a Post-irradiation values indicate anticipated post-Jupiter mean +3cr. 
cS = D = -10 V. 
d S = GND, D = 10 V. 
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F. CMOS DEVICES 

1 . Propagation Time 

A complete electrical characterization of CMOS devices was carried 
out for JPL at the Naval Research Laboratory using an EH 1 } 600 series 
computer-controlled test system at a total dose of 7.5 x 10 1 * and 
1.5 x 10^ rad(Si). The parameters tested and some typical results 
are shown- in Tables 7-21 and 7-22. It may be noted that radiation 
causes a significant increase in the propagation time. 

Additional propagation time measurements were made at the Hughes 
Fullerton Facility (see the CD4000 series in Table 7-22) . The propa- 
gation time after irradiation appears to be within the JPL specification 
limits, but the data show large increases in propagation time. These 
are primarily influenced by outliers whose change may be up to one 
order of magnitude worse than the mean. 


2. Comparison of I ss and t p 

Some special tests were run at hughes to compare the effects 
of 150 krad(Si) on the quiescent supply current (Ig S ) and propagation 
time (tp) of some of the RCA CMOS circuit types being used in the Voyager 
project. The circuit types tested were CD 401 9AD, CD 4025AD, CD 4027AD, 
CD 4029 AD, CD 4051AD, CD 4052AD, and CD 4053AD. A summary of the results 
of these tests follows. 

The effects of the radiation on Igg and on t p do not correlate. 
Instead, these two parameters respond independently to the radiation. 

In the CD 4027 data there is one device with an Iss of> 130 (jlA after 
radiation. Its t p data was essentially the same as that of the other 
CD 4027 devices with Iss measurements of 15-20 nA after radiation. 

Similar conditions exist in the CD 4052 and CD 4053 data. In the CD 
4029 data there is an example of the opposite condition. One device 
has a much larger t p shift than the other devices, but its Igs readings 
are the same as the others. Therefore, AIss can be high or low when 
the At p is constant, or vice versa. 

All the test devices for each circuit type were from one wafer. 

The At p data for the devices from the same wafer are not always con- 
sistent; i.e., At p varies across the wafer. From this it is concluded 
that there is no effective way to wafer-sample screen for t p . 


3. Dose Rate and Annealing Effects 

Srour (Reference 7-1) recently reviewed experimental observations 
on dose-rate dependence of the shift in Vf in MOS devices. The dependence 
is a function of the dose rate, the bias conditions during radiation, 
and the nature of the gate oxide . Srour irradiated n- and -p-channel 
transistors on a commercial CMOS inverter using a Cobalt 60 source 
at rates of 0.23 and 23 rad(Si)/s. he observed a marked rate effect. 
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Table 7-21. CMOS Radiation Characterization Data at 150 krad(Si) 




Tests 
(At Vjjj) = 10 

V) 

4011 

4029 

■ 4035 

4050 

1. 

Functional (go/no go) 


All passed 



v 0 

< 5 V = "0" 







Vo 

> 5 V = "1" 






2. 

DC 

margin (go/no go) 


All passed 



Vo 

< 1 V = "0" 







v 0 

> 9 V = “I" 






3- 

At 

PLH (?) 

Average 

26.9 s 

13. 8 b 

48.8° 

10. 6 d 


30 

pF load 

Maximum 

30 

37 

55 

18 

3a. 

At 

PLH (?) 

Average 


26 e 




30 

pF load 

Maximum 


37 



4. 

At 

PHL (?) 

Average 

6.2 a 

28. 2 b 

32. 8 C 

35. 6 d 


30 

pF load 

Maximum 

8.8 

31 

37 

50 

4a. 

At 

PHL (?) 

Average 


19 e 




30 

pF load 

Maximum 


33 



5. 

AV 

drop in output trans- 

N-CH<0 . 1 

V<0.1 

<0.1 

<0.1 


istors at minimum source/ 

P-CH<0 . 1 

VC0.1 

0.1 

<0.1 


sink current specified in 
RCA manual 

6. Range of maximum quie- from: 56X 250X 23X 25X 

scent supply current A to: 4700X 9800X 3300X 3400X 


Propagation time measurement from pin 2 to pin 3 (in to out ) . 

Propagation time measurement from pin 15 to pin 6 (Cl- to Q-|). 

Propagation time measurement from pin 6 to pin 1 (Cl- to Q-|). 

Propagation time measurement from pin 3 to pin 2 (in to out). 

Propagation time measurement from pin 15 to pin 7 (C L . to carry 
out). 
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Table 7-22. Propagation Time Test Results for CMOS Devices at 150-krad(Si) Radiation 


Propagation Time, nanoseconds 


Mean Maximum 


Device 

Type 

Parameter 

Load 

Capaci- 

tance 

Specification 

Limit 

Initial 

150 krad(Si) 

Initial 

150 krad(Si) 

A 

Max 

A' 

Max 

% 

CD4019 

t PLH 

32 


46.1 

54.3 

70 

91 

+27 

43 



51 

125 

56.9 

62.2 

78 

102 

+27 

39 


t phl 

32 


64.7 

86.1 

76 

102 

+28 

45 



51 

125 

73.4 

96.6 

86 

116 

+30 

44 

CD4025 

t plh 

31 


48.9 

64.7 

52 

70 

+ 18 

36 



53 

65 

70.3 

94 

74 

102 

+30 

43 


t phl 

31 


39.2 

44 

48 

54 

+21 

68 



53 

55 

51 

58.6 

62 

72 

+30 

42 

CD4027 

t plh 

30 


81 .5 

85 . 6 

116 

94 ' 

+ 16 

26 



50 

120 

92.9 

99 

134 

108 

+30 

47 


t phl 

30 


66.5 

76.5 

88 

90 

+16 

26 



50 

160 

79.2 

106 

91.8 

106 

+ 19 

26 

CD4029 

t plh 

31 


236 

249 

280 

400 

+ 120 

43 
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Table 7-22. Propagation Time Test Results for CMOS Devices at 150-krad(Si) Radiation 
(Continuation 1) 


Propagation Time, nanoseconds 


Mean Maximum 


Device 

Type 

Parameter 

Load 

Capaci- 

tance 

Specification 

Limit 

Initial 

150 krad(Si) 

Initial 

150 krad(Si) 

A 

Max 

p(ax 

% 



51 

260 

260 

273 

330 

440 

+140 

47 


t phl 

31 


221 

241 

280 

470 

+190 

68 



51 

260 

242 

262 

320 

520 

+220 

73 

CD4051 

t plh 

30 


72.0 

73.4 

90 

90 

+ 12 

29 



51 

400 

74.6 

75 

80 

92 

+ 10 

28 


t phl 

30 


205 

207 

218 

245 

+45 

23 



51 

1000 

208 

209 

222 

248 

+45 

23 

CD4052 

t plh 

31 


193 

224 

330 

375 

+70 

23 



52 

400 

198 

229 

335 

380 

+70 

23 


t phl 

31 


395 

395 

570 

520 

+55 

23 



52 

1000 

467 

464 

720 

650 

+40 

17 


-3 

-F 


<2 

O 


ORIGINAL PAGE IS 
OF POOR QUALITY 
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Annealing the devices at room temperature for 140 hours (the time it takes 
to perform an irradiation to 125 krad(Si) at a rate of 0.23 rad(Si)/s) 
following a higher ionization-rate irradiation brought the high and 
low dose-rate results into agreement. 

Yamakawa (Reference 7-2) measured rate effects in I35 of CMOS 
devices with a 950°C gate-oxide annealing temperature at 113 and 7-6 
rad(Si)/s at a total dose of 150 krad(Si). The bias conditions were 
as described for the wafer screening. The two dose rates represent 
the screening conditions and the effect after radiation, but no rate 
effect could be detected. Additional experiments on the propagation 
time showed no annealing for several days, in agreement with the hypo- 
thesis that the propagation time is governed by interface states. 


4 . Conclusions 

The radiation resistance of CMOS devices with a gate-oxide annealing 
temperature of 950° C appearsto be adequate for the Voyager project, 
because the devices will be exposed to a total dose of less than 125 
krad(Si) and because no severe constraints have been imposed on the 
quiescent supply current. 

Any future programs with a radiation environment in excess of 
that encountered by Voyager or with more stringent design requirements 
must use the radiation-hard dry gate-oxide process developed at RCA, 
Somerville, with Defense Nuclear Agency support, or the equivalent, 
since the 950 C annealed process cannot survive a total dose much greater 
than 150 krad(Si). 


G. DIODES AND RECTIFIERS 

1 . Zener and Reference Diodes 

The radiation analysis carried out by General Electric, largely 
from neutron data, indicated potential shifts in zener voltage sufficient 
to cause problems in some applications. Electron irradiation at 2.2 MeV 
caused relatively minor shifts in the zener voltage at fluenees up 
to 1 x 10 1 3 e/cnr. Additional measurements were, therefore, carried 
out with 3- and 5.5-MeV electrons using the high-voltage Van de Graaff 
generator at Notre Dame University. 

The zener voltage was determined both before and after radiation 
at a fixed current level by means of in situ measurements. This made 
it possible to determine the radiation- induced change in the zener 
voltage to an accuracy of +3 mV by relatively simple means. The experi- 
ment lasted less than 1/2 hour, and the radiation- induced thermal heating 
is not significant, so that thermal changes during the time of the 
experiment may be ignored. The absolute value of the zener voltage, 
which is a strong function of the zener current, has been determined 
to an accuracy of about ±10 mV. 
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Table 7-23. Summary of Radiation Effects on Voltage in Zener Diodes 


Conditions 
During Irradiation 


Device 

Type 


Maximum AV , 

Man- mV, After 

ufac- 5 x 10^ 2 

turer V z , V I z , raA e/cm 2 


Electron 
Energy 
Range , 
MeV 


Devices with zener voltage change 
within measurement accuracy of +1mV. 


1N945 

TC a zener 

MOT 

11.7 

7.5 

-1 

2.2 

- 5.5 

1N4569 

TC Reference 
Diode 

DIK 

6.4 

0.5 

-2 

2.2, 

5.5 

1N4572 

TC Reference 
Diode 

DIK 

6.4 

1.0 

-1.9 

2.2 

- 5.5 

1N4577 

TC Reference 
Diode 

MOT 

6.4 

2.0 

0 

2.2 


1N4895A 

TC zener 
(ultrastable) 

DIK 

6.35 

7.5 

-1 

2.2, 

5.5 

MZ827 

TC zener 

MOT 

6.2 

7.5 

-1 

2.2 

- 5.5 

.4M4.7AZ1 

Noncompensated 

zener 

MOT 

4.7 

5 

+2 

2.2 

- 5.5 

.4M5.1AZ1 

Noncompensated 

zener 

MOT 

5.1 

5 

1 

2.2 

- 5.5 


Devices with zener voltage change 
within measurement accuracy of ±1mV, 
but with outliers showing greater 
energy-independent change 


1N829 TC zener MOT 6.2 5.5 -2 2.2 - 5.5 

-12 


Devices with linear zener voltage 
change with energy 
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7-23. Summary of Radiation Effects on Voltage in Zener Diodes 
(Continuation 1) 


Conditions 
During Irradiation 


Device 

Type 


Man- 

ufac- 

turer 

> 

N) 

> 

I Z> 

Maximum AV , Electron 
mV, After Energy 

5 x 10 12 Range, 

e/cm^ MeV 

1N935 

TC Reference 
Diode 

MOT 

9.0 

1.0,7. 5 

(see 

Fig. 

7-5) 

2.2 - 5.5 

1N4907 

TC Reference 
Diode 

MOT 

12.8 

2 

(see 

Fig. 

7-5) 

2.2 - 5.5 

FCT1121 

TC Reference 
Diode 

FAS 

6.8 

0.1 

(see 

Fig. 

7-5) 

2.2 - 5.5 




Devices with significant zener vol- 
tage change measured only at 2.2 MeV 

IN 458 1 

TC Reference 
Diode 

DIK 

6.6 

4.0 

-4 

2.2 

1N4891 

TC Reference 
Diode 

(ultrastable) 

DIK 

6-4 

2.0 

7.5 

-12 

-8 

2.2 




High- 

•surge noncompensated zeners 

UZ8770 


UTR 

70 

0.05 

+14 

2.2 

UZ8775 


UTR 

75 

0.1 

+220 

2.2 - 5.5 


a Teraperature compensated. 
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The results of the measurements are summarized in Table 7-23. 

It may be noted that the majority of the devices tested do not change 
by more than the experimental error at a fluenoe of 5 x 10 12 e / G m 2 
for all energies up to 5.5 MeV. Three device types showed a significant 
linear change in zener voltage with electron energy (see Figure 7-5). 

One of the device types indicated a positive voltage shift, whereas 
the other two indicated a negative voltage shift. These changes are 
attributed to bulk radiation damage. 

Some devices of the IN 829 showed changes as great as 12 mV, whereas 
the remainder stayed within +1mV. The anomalously large changes were 
not energy-dependent and are therefore considered to be due to a surface 
ionization effect. 

Very few of the Unitrode U28770 and U28775 high-voltage zener 
diodes were available for testing, and these showed shifts from -14 
to -120 mV. The 14-mV value is within experimental error. In cases 
where very few devices were available, devices were first irradiated 
to a fluence of 1 x 10 13 e/cm 2 at 2.2 MeV and then reirradiated at 
a later date with 3-0 or 5.5 MeV electrons. No conclusions could be 
drawn from the data obtained from the second irradiation, primarily 
because most of the zener voltage shifts were within experimental error. 



Figure 7-5. Effects of Electron Radiation 
Energy on Zener Voltage 
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An attempt was made to measure changes in the temperature coefficient 
of the temperature-compensated zener diodes produced by a fluence of 
1 x 10 13 e/cm 2 at energies of 2.2, 3*0, and 5.5 MeV. These measurements 
could not be carried out in. situ and were, therefore, subject to many 
systematic errors. The main conclusion is that the pre-irradiation 
temperature coefficient of different devices of one type varies within 
one order of magnitude, whereas the radiation-induced changes are less 
than 50 percent of the initial value. The temperature coefficient 
from -50 to +25° C to 75° C increases with radiation. No correlation 
with electron energy could be detected. 

2. Constant-Current Diodes 

These devices are considered insensitive to radiation damage 
at the Voyager levels. The MOT 1N5288 and 1N5290 devices had no measur- 
able changes at 1 x 10 13 e/cm 2 . The MOT IN 5297 and IN 5300 devices 
showed changes of less than 7 pA. 


3. Diodes and Rectifiers 

The following diodes and rectifiers were characterized: 1N4148, 
1N5711, BC997-1, FJT 1100, MV 1404 and UTR 4320. The leakage current 
for these devices typically had shifts of less than 1 nA after 
1 x 10 1 3 e/cm 2 . The forward voltage typically changed a few mV. 
Consequently, these are considered hard devices. 

4. Silicon-Controlled Rectifiers 

The Unitrode 2N1878 was the only device type tested. The mean 
for three samples of the gate voltage decreased by 0.426 V, and the 
gate current increased by 0.557 mA afterl >x 1013 e/cm 2 . 


H. PASSIVE COMPONENTS 

I . Capacitors 

Six each of the Component Research 0.02- and 0.05-pF, B11B Teflon 
capacitors were tested. The mean of the capacitance decreased 5 pF 
for the 0.02-pF devices and 12 pF for the 0.05-pF devices after radiation 
of 5 x 10 12 e/cm 2 . 


2. Resistors 

The Dale Electronics Types CDP16, CDP18, LDP16, and SDP16 metal 
film resistors were irradiated to 1 x 10 13 e/cm 2 . There was no change 
in the resistance within the experimental error of the equipment 
( +0 . 0 1 percent ) . 


7-53 



77-41, Vol . I 


I. OPTICAL DEVICES . 

1 . Light Sources and Light Detectors 

The Texas Instruments type TIL23 and TIL24 light sources and 
type TIL601 and LS600 light detectors were evaluated in the JPL Dynamitron 
using a 2.5-MeV electron beam. Two of the tests used a 0.32-cm (1/8-in.) 
spacing between the source and detector in order to evaluate the space- 
craft usage conditions. Three tests used a spacing of 20 cm (8 in.) 
in order to allow shielding and consequent evaluation of the source 
or detector separately. In addition, various angles were used during 
irradiation in order to reduce the amount of shielding caused by the 
lens material . All of the devices were measured in situ , within a 
period of 5 min, with the beam off. 


a. Tests Using 0.32-cm (1/8-in.) Spacing . Test results using 
a 0.32-cm (1/8-in.) spacing between the light source and detector with 
both device types irradiated at the same time unshielded are given 
below. 


( 1 ) Test No. 1 . Four TIL23 light sources and four LS600 light 
detectors were tested. The test circuit is shown in Figure 7-6. 

Because of the close spacing between the TIL23 source and LS600 
detector and the presence of the glass window, there was an undetermined 
amount of shielding of the device from the electron beam. Consequently, 
exposures at a number of incidence angles for the electron beam were 
used (i.e., 45, 90, and 135°), as shown in Figure 7-7, during the test. 


+12 v 
600 a, i% 


TIL23 

SOURCE 


$ 



Figure 7-6. Test Circuit, Test No. 1, 
Light Sources and Light 
Detectors, 0.32-cm Spacing 
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0.32 cm (1/8 in.) 




Figure 7-7. Electron Beam Incidence Angles, 
Test No. 1, 0.32-cm Spacing 


Table 7-24. Results of Test No. 1 With 0.32-cm Spacing 


Current Measured at Point(A), p A 
(<£ = Fluence, e/cm 2 ; <j5= Flux, e/cm 2 /s) 


Device <£=0 
S/N <j>=0 

It 11 

>01 -e- 

1 x To 12 A ,% 
1 x 109 

$= 2.5 x 10 12 
<S>= 1.5 x 10 9 

A ,% 

$= 5 x 10 
4>= 2.5 x 

Beam 

12 A, % Angle, 
10 9 deg 

12 

350 


213 

-39 

120 

-66 

55 

-84 

45 

1 

470 


390 

-17 

320 

-32 

234 

-50 

135 

2 

282 


205 

-27 

134 

-53 

75 

-73 

45 

3 

60 


213 

-28 

■ 0.36 a 

a 

19 

-68 

90 


a Data invalid; the device accidentally pulled out of position during 
irradiation . 


(2) Test -No. 2 . Four LS600 light detectors and four TIL24 light 
sources were exposed to the electron beam at a 60° angle (see Figure 7-8). 
The fluence was 5 x 10 ^ 2 and 1 x 10^3 e/cm 2 with a flux rate of 2.5 x 
109 e/cm 2 /s. There was no significant change in the output level as 
measured at point ( b) for any of the devices tested. Although the test 
devices were undoubtedly severely degraded (as indicated from previous 
test experience), there was still sufficient pulsed output after radiation 
exposure to trigger the 2N2222A transistor on, therefore maintaining a 
constant output at point(B). The test circuit is shown in Figure 7-9. 
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Figure 7-8. Flux Angle, Test No. 2, Light Sources 
and Light Detectors, 0.32-cm Spacing 


The test devices in Test No. 2 were irradiated with the axis 
of the electron beam at 60° to the axis of the device in order to avoid 
the glass lid. No other components of the experiment were changed. 

A cosine variation in fluenee with incident angle was used.' The faraday 
cup readings of fluenee were thus twice the fluenee required (i.e., 

10^3 and 2 x 10^3 e/cm^) . The effective value of the fluenee on the 
device was obtained as of these values (i.e., 5 x 10 12 and 10 ^ e/cm 2 ). 
This was done by using a time exposure that was twice as long, rather 
than by doubling the flux rate. Thus the effective flux rate at the 
device was one-half that in the test requirements. 
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Figure 7-9. Test Circuit, Test No. 2, Light Sources 
and Light Detectors, 0.32-cm Spacing 


b. Tests Using 20-em (8-in.) Spacing . Test results using 
a 20-cm (8- in.) spacing between the light source and detector, with 
one of the device types shielded- during irradiation, were as follows: 

( 1 ) Test No. 1 . Four TIL23 light sources were exposed to 
the electron beam at an angle of 45°, as shown in Figure 7^10, with 
the detector shielded. The test circuit is shown in Figure 7-11. 

Results are given in Table 7-25. 

(2) Test No. 2 . Four TIL 601 light detectors were exposed to 
the electron beam at a 45° angle as shown in Figure 7-10, with the light 
source* shielded . The test circuit is shown in Figure 7-12. 

Results are given in Table 7-26. 
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Table 7-25. Results of Test No. 1 With 20-em Spacing 



TIL23 Output Voltage Measured at 
Point (a), nV ($ = Fluence, e/cm 2 ; 
<j> = Flux, e/cm 2 /s) 


Device 

S/N 

$ =0 
4 > =0 

$= 5 x 10 12 
4 >= 3.6 x 109 

A ,% 

<j> = 

1 x 10 13 
3-6 x lO 1 ^ 

A ,% 

5 

0.240 

0.014 

-94.2 


0.004 

-98.3 

6 

0.360 

0.022 

-94.0 


0.006 

-98.3 

7 

0.140 

0.014 

-90.0 


0.005 

-96.4 

8 

1.900 

0.116 

-94.0 


0.038 

- 98.0 



Figure 7-10. Flux Angle, Test No. 1, Light 
Sources and Light Detectors, 
20-cm Spacing 
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Figure 7-11. Test Circuit, Test No. 1, 
Light Sources and Light 
Detectors, 20-cm Spacing 


7-58 




77-41, Vol . I 


ORIGINAL PAGE © 
OF POOR QUALITY 


Table 7-26. Results of Test No. 2 With 20-cm Spacing 


TIL23 Output Voltage Measured at 
Point (T), nA ( $ = Fluenee, e/em 2 ; 
4 j = Flux, e/cm^/s) 


Device =0 = 

S/N =0' «J> = 

5 x 10 12 
3.6 x 10 9 

A ,% 

$ = 
<j> = 

1 x 10 13 A ,% 
3.6 x 10 19 

1 

250.0 

129.0 

-48.4 


38.0 

-85.0 

2 

96.0 

19.2 

-80.0 


8.0 

-91 -7 

3 

160.0 

65.0 

-59.4 


19.0 

-88.1 

4 

112.0 

78.0 

-30.4 


53.0 

-52.7 


+12 V 
600 a, i% 



SHIELDED 

LIGHT 

SOURCE 


>+12 V 


TIL601 


[AJ MEASUREMENT POINT 


; 2 left, 1% 


Figure 7-12. Test Circuit, Test No. 2, 
Light Sources and Light 
Detectors, 20-cm Spacing 
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(3) Test No. 3 . Four TIL24 light sources were exposed to the 
electron beam at an angle of 45° as shown in Figure 7-10, with the 
detector shielded. The test circuit is shown in Figure 7-13. Results 
are given in Table 2-27. 


Table 7-27. Results of Test No. 3 With 20-cm Spacing 


TIL23 Output Voltage Measured at 
Point (T), mV ( 3> = Fluence, e/cm 2 j 
()> = Flux, e/cm^/s) 


Device 

S/N 

$ =0 
4> =0 

<t> = 5 x 10 12 
4>= 3.6 x 10 9 

A,% = 

4> = 

1 x 1013 
3.6 x 1 0 19 

A,% 

1 

0.318 

0.047 

-85.2 

0.015 

-95.3 

2 

0.218 

0.010 

-95.4 

0.003 

-98.6 

9 

0.384 

0.030 

-92.2 

0.009 

-97.7 

10 

3.000 

0.208 

-93-1 

0.016 

-99.5 


9 +12 v 


6oo a, i% 


TIL24 V 



Figure 7-13. Test Circuit, Test No. 3, 
Light Sources and Light 
Detectors, 20-cm Spacing 
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(4) Flux Angle and Fluence . The devices tested were irradiated 
with the axis of the electron beam at 45° to the axis of the device 
as shown in the diagram in order to avoid the glass lid. A cosine ■ 
variation in fluence with incident angle was used . The faraday cup 
readings of fluence were thus 1.4 times the fluence required (i.e., 
0.707.x 10 12 and 1.41 x 10 ^ e/cm 2 ). The effective value of the fluence 
on the device was obtained as 0.707 of these values (i.e., 5 x 10 12 
and 10^3 e/cm^). This was done by using a time exposure 1.4 times 
as long, rather than increasing the flux rate. Thus the effective 
flux rate at the devices is 0.707 times that in the test requirements. 


c. Conclusions . The following conclusions can be drawn: 

( 1 ) These types of optical devices are very sensitive to radia- 
tion-induced damage. 

(2) The light sources are more sensitive to radiation damage 
than the detectors. 

(3) There is increased light scatter, due to the degraded source lens. 

(4) There is more apparent degradation with 20-cm (8- in.) 
spacing between the source and detector than with 0.32- 
cm (1/8- in.) spacing because the light from the source 
decreases as the square of the distance from the detector, 
and any increase in light scatter will exhibit more effect 
as the distance is increased. 


2. Reticon Solid State Image Sensor 

A Reticon solid state image sensor was used on the Ultra-Violet 
Spectrometer (UVS) system. This consisted of a linear photodiode array 
with an associated capacitance and an M0S multiplex switch, with- an 
M0S shift register for scanning. During operation ,~ the gate of the 
M0S devices swings from 0 to -10 V for p-MOS devices that were used 
flight parts. Preliminary radiation experiments on the LXNAC at the 
La Jolla facility of Intelcom Radiation Technology indicated that these 
devices failed at 100 krad(Si), whereas interference effects necessitated 
shielding the devices down to 3-4 krad(Si). Some recent improvements 
were made in the device structure in order to eliminate oxide surface 
charging effects. These should reduce the total dose susceptibility 
of the device still further. 


J. QUARTZ RESONANT CRYSTALS 

Ionization produces frequency shifts in quartz oscillator and 
filter crystals. The magnitudes of such shifts depend upon the source 
of the quartz, as shown in Figure 7-14. For all applications in which 
a frequency shift up to 1 part in 10? can be tolerated for Voyager, 
the use of swept synthetic quartz will ensure that the specifications 
are met . The use of natural quartz is not recommended unless changes 
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as large as 10 parts /million can be tolerated. For applications in 
which the radiation-induced changes must be less than 1 part in 10?, 
a further screening process should be applied to carefully selected 
swept synthetic materials. 

Three swept z-growth synthetic quartz resonators were tested 
to a total fluence of 1 x 10^3 e/cm 2 on May 14, 1975. The test results 
are given in Table 7-28. 

A total of fourteen resonators were tested to a total fluence 
of 2.5 x 10 1 2 e/cm 2 and a nominal frequency of 24.5 MHz. The total 
change in frequency after irradiation ranged from 2.7 to 11.5 cycles. 
This change was considered insignificant. 

Six resonators were tested to a total fluence of 2.5 x 10 ^ 2 e/cm^. 
The nominal frequency was 24.5 MHz. The frequency shift caused by 
the radiation environment ranged from 4 to 11 cycles. This change 
was not considered significant. 

The changes after irradiation were considered insignificant. 


K . DIGITAL MICROCIRCUITS 

Past testing by JPL and other investigators has indicated that 
the Texas Instruments 54L series of integrated circuits should not 
be significantly degraded by the Voyager mission radiation environments. 
In order to verify that this still applied to current production, ten 
high-reliability Texas Instruments V5L30, 8-lnput Positive NAND Gates 
(seal date 1-19-74) were irradiated at lO^ e/cm 2 and the results were 
evaluated . 

In general, there were only minor shifts in the measurements 
after irradiation, and all devices remained well within the specification 
limits before and after. 

The results of this test confirm that the relative radiation 
hardness of this type of device has not changed significantly, and 
the devices should not present a design problem for the Voyager program. 
Consequently, no additional testing of the 54L series was conducted. 
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Table 7-28. 

Irradiation 

Effects on 

Synthetic Quartz 

Resonators 

S/N 

fs> 

Hz 

R s , ohms 


Before 

After 

Before 

After 

1 

24,500,060 

24,500,111 

19.5 

19.4 

3 

24,499,836 

24,499,826 

24.2 

24.3 

8 

24,500,129 

24,500,111 

23.7 

23.6 



TO 2 jo 3 10 4 10 5 10 6 


DOSE, rod (ST) 

Figure 7-14. Composite Steady State Frequency Shift Data vs Dose 
for Quartz Crystal Resonators 
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SECTION VIII 
SCREENING TEST RESULTS 


A. LINEAR INTEGRATED CIRCUITS 

1 . Diffusion-Metallization Lot Screening 

a. Operational Amplifiers. Typically, six devices from each 
diffusion-metallization lot were tested to a total dose of 125 krad(Si) 

(see Section V-A) for Vqq, Iqs, and Ig. Three devices were tested 
for open-loop gain at a 2 mA load. Table 8-1 lists the device types, 
acceptance limits, and number of accepted/re jected lots. 

The HA2520, HA2600, and HA2620 exhibited some degradation 
in the dc parameters and open-loop gain. The HA2600 was not included 
in Table 8-1, as it was a single lot sample screened to specific circuit 
applications. The HA2700 (cans) showed no significant degradation 
at irradiation to 60 krad(Si). The poor showing of the HA2700 (flatpacks) 
(see Table 8-1 and Table 7-9) was attributed to the flatpack sealing 
methods. Similarly, the LM108 flatpacks could not be hardened, because 
of device degradation after sealing (see Section VI-C). LM108 Lot 
C1233A was an exception to the acceptance criteria shown in Table 8-1. 

This lot was accepted with a mean plus 3cr of AVqs > 0.66 mV, AIqs 
> 0.89 nA, and Alg > 12.70 nA, since the Infrared Interferometer Spec- 
trometer (IRIS) and the Attitude and Articulation Control Subsystems (AACS) 
circuit applications could tolerate less stringent rejection criteria. 

The LM124 had. acceptable degradation in dc parameters, provided the 
devices were biased at V+ = 15 V and V- = 0 V. Six HA2-2520-2 devices 
were tested up to a fluence of 1 x 10 13 e/cm^ in order to measure 
degradation in output drive capability under MDS load conditions. 

The test results indicated that the MDS would not require IRAN testing 
of the HA2-2520-2 or spot shielding. 


b. Comparators . The only comparator subjected to lot screening 
was the LM139, in both the hardened and unhardened versions. The un- 
hardened device was procured in a single diffusion-metallization lot 
whose radiation sensitivity was significantly greater than that of 
some other lots tested earlier (see Table 8-2). The properties of 
the hardened lot are shown in Table 7-15, Section VII-D. 

S 

A special determination was made of the total dose level 
at which the unhardened LM139 device latched-up when biased in the 
off condition during irradiation. At 12.5 krad(Si), all nine devices 
tested showed only slight changes in dc parameters. At 18.75 krad(Si), 
two of the devices produced offset voltage changes up to 20 mV. At 
25 krad(Si), these two devices failed and another four devices showed 
offset voltage changes up to 40 mV. At 32.5 krad(Si), six out of nine 
devices failed catastrophically. These results establish 12.5 krad(Si) 
as the parts capability of the unhardened devices when they are biased 
in the off condition. 
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Table 8-1 . Diffusion-Metallization Sample Lot Screening of 
Operational Amplifiers 


Device 



Acceptance 

Number of Lots 

Type 

Mfg. 

Parameter 




uniter. 

Accepted 

Rejected Total 




hA2520 

•HAK 

AIOS 

<40 nA \ 





AV 0S 

<20 mV f 

2 

1 3 



ai b 

<1 pA f 





Aql> 2 

2000 1 



HA2620 

HAR 

Vos 

<5 mV ] 

1 




I 0S 

<150 nA ( 

1 

0 1 



Ib 

<100 nA ) 



HA2700 

HAR 

Vos 

<10 mV ^ 



(can) 


AVos 

<5 mV 

| 




IOS 

<30 nA 

> 4 

0 4 



AI OS 

<10 nA ' 

I 




AI B 

<40 nA 1 

I 


HA2700 

(Flatpack) 

HAR 

AVqs 

<15 mV ' 

i 

1 




aiqs 

<10 nA j 

> 1 

9 10 



ai b 

<40 nA 

) 


LM108 

NSC 

AV 0S 

<0.5 mV 

) 


(Hardened) 


l 

( 21 

3 



AIoS 

<0.4 nA , 





ai b 

<6 nA 

J 




AAql 

>45000 

I8 a 

6 a 24 

a AC parameters 
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Table 8-1 . Diffusion-Metallization Sample Lot Screening of 
Operational Amplifiers 
(Continuation 1) 


Device 

Type 

Mfg. 

Parameter 

Acceptance 

Criteria 

Number of Lots 
Accepted Rejected Total 

LM124 

NSC 

AVqs 

<25 mV \ 




^OS 

< 1 00 nA | 




AI E 

<1 pA f 

l 



^ink* 

5-ki-lohm 

load 

>0.84 mA > 

'4 0 4 



■^•Source > 
5-kilohm 
load 

>250 pA I 



c. Voltage Regulator. The only voltage regulator subjected to 
diffusion-metallization lot screening was the LM105. Three lots, consisting 
of both hardened and unhardened devices, were tested. They all passed 
the acceptance criteria of less than 25 mV shift in load and line 
degradation at a fluence of 5 x 10 e/cm 2 . 


d. Voltage Follower. Only one lot of hardened NSC LM102 devices 
was screened, and this lot was accepted. The criteria were as follows: 
AV 0 s > 5 mV and Alg > 10 nA. 


e. RF Amplifers and Mixers. The flight lots of the MIC 76T 
RF amplifier and the MIC 236 and MIC 336 RF mixers were screened. 

All lots were found to be acceptable. 


2. Irradiate-Anneal 

The only two device types subjected to irradiate-annealing were 
the LM101 operational amplifier and the LM111 comparator. As shown 
in Section IV-B-4-2, there were a considerable number of rejects for 
the LM101, but far fewer LM111 rejects. A number of devices were shielded ' 
rather than wait for the return of the devices from the manufacturer 
after the IRAN cycle of operations. 
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Table 8-2. Diffusion-Metallization Lot Screening of the Unhardened LM139 Comparator 


Device 

Type 

Mfg. 

Initial 

Parameter Value 

Post-irradiation Value 3 at Indicated Dose and Fluence 

12.5 krad(Si) 
5 x 10 1 * 
e/cm 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cra 2 

125 krad(Si) 
5 x 10 12 
e/cm 2 

LM139 

NSC 

V 0S(on) (mV) 

5 

5.3 

5.5 

5.6 

6.0 

(Unhard) 







Flight 


■ AV 0S(on) (mV) 


.3 

0.5 

0.6 

1.0 

Lot 








10145 


V 0S(off) (mV) 

5 

5.5 

Failed 

Failed 

Failed 



AV 0S(off) (mV) 


0.5 

Failed 

Failed 

Failed 



■’■OSCon)^) 

25 

28 

34 

47 

105 



AI 0S(on) (nA) 


3 

9 

22 

80 



I 0S(off) (nA) 

25 

29 

Failed 

Failed 

Failed 



AI 0S(off) (nA) 


4 

Failed 

Failed 

Failed 



^(on)^ 

100 

190 

230 

315 

525 



A;i 'B(on) ^ nA ^ 


90 

130 

215 

425 



I B(off) < ' nA ' 1 

100 

160 

Failed 

Failed 

Failed 



/AI B(off) (nA) 


60 

Failed 

Failed 

Failed 



AI Sink(on) ^ mA ^ 


-4 

-7 

-9 

-11 





-4 

Failed 

Failed 

Failed 


a Post-irradiation values indicate anticipated post-Jupiter mean +3 q-. 
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The reirradiat'ion properties simulating the Jupiter environment 
are shown in Table 8-3. After annealing, there is a slight degradation 
of the input bias current of the LM101 and a large degradation in both 
input bias current and input offset current in the LM 111. However, 
the subsystems were able to tolerate this degradation. 

It was observed that there was a total lack of agreement between 
the dc parameter values of the LM111 measured at National Semiconductor 
after annealing and the same parameters measured on the JPL test boards 
after the parts were returned. A visit to National Semiconductor established 
that their test circuit saturates when testing IRAN devices, so that 
all the published data included in their data package is invalid. 

On the basis of data from 16 flight parts in flatpacks, the properties 
of the IRAN parts are as follows: The input offset voltage is within 

the vendor's specifications, the input offset current may be as high 
as 25 nA, and the input bias current lies between 400 nA and 1 pA. 

The LM111 post-IRAN values in Table 8-3 are given as mean +3 cr worst- 
case values, since the devices were not correctly remeasured after 
annealing. 

The detailed radiation behavior of the LM111 devices subject 
to IRAN is as follows: 

(1) The first irradiation at 50 krad(Si) produces a positive 
shift in Vos °f l ess than 2 mV, a negative shift in Ios 

of less than 20 nA, and a large increase in the input bias 
current, which increases to 300 to 500 nA. 

(2) The 150°C annealing causes Vqq to anneal back to its starting 
value. Iqs is shifted positively by up to 30 nA, thus 
overshooting its starting value. The absolute post-annealing 
value may be as high as 25 nA. There is substantial deteriora- 
tion in the input bias current during annealing, with final 
values in the range from 400 nA to 1 pA. 

(3) Common mode rejection was measured for all dc parameters 
for unirradiated and for annealed devices. The supply 
voltage was ±15 V and the common mode voltage was varied 
from +10 to -10 V. Over this range the behavior was linear 
and was the same for unirradiated and annealed devices. 

No abnormalities were observed. 

(4) The following shifts in dc parameters have been observed 

on reirradiation: Vos shifts in the positive direction, 

but the shift is less than 4 mV at 60 krad(Si). Iqs shifts 
in the negative direction. The shift may be as much as 

30 nA at 12.5 krad(Si), 65 nA at 30 krad(Si) and 120 nA 
at 60 krad(Si). The bias current initially decreases with 
radiation by up to 200 nA at 12.5 krad(Si). At about 30 
krad(Si), the bias current returns to its original post- 
annealing value. At 60 krad(Si), some devices show an 
increase in bias current up to 150 nA. 
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Table 8-3. Simulated Jupiter Environment for LM101 and LM111 


Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

Post-irradiation Value 3 at Indicated Dose and Fluence 

Post 

IRAN 

12.5 krad(Si) 
5 x 10 11 

p 

e/cm 

30 krad(Si) 
1.25 x 10 12 

o 

e/cm^ 

60 krad(Si) 
2.5 x 10 12 
e/cm 2 

125 krad(Si) 

5 x 10 12 
o 

e/cm 

LM101AF, 

NSC 

V os (m v ) 

2 

2 

3 

4 

5 

12 

LM101AH 











AV 0S (mV) 



1 

2 

3 

10 



I 0S (nA) 

10 

10 

13 

14 

16 

25 



Al QS (nA) 



3 

4 

6 

15 



Xg(nA) 

75 

100 

135 

168 

212 

300 



Alg(nA) 



35 

68 

112 

200 

LM111F, 

NSC 

V 0S (mV) 

3 

3 b 

5 

7 

9 

12 

LM111H 











'a 

— w 
o 

< 



2 

4 

6 

9 



IostnA) 

10 

60 b 

60 

100 

180 

300 



3aI 0 sI (nA) 



60 

120 

200 

320 



I B (nA) 

100 

I800 b 

1600 

2000 

2300 

2400 



Al B (nA) 



330 

700 

900 

900 

a Post-irradiation values indicate anticipated post-Jupiter mean +3 q-. 



b Mean +3tr. 
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Ihe following device types were found not suitable for IRAN, 
for reasons given: 

(* 1 ) ' HA2520, RA2600, BA2620; no correlation was found between 
IRAN and reirradiation behavior. The first irradiation 
caused significant permanent degradation in open-loop gain. 

(2) RA9-2700 (flatpacks); severe degradation occurred in negative 

open-loop gain during the first irradiation, from which 
the devices did not recover on annealing. 

Other devices which were investigated for IRAN but not included in 
the flight device IRAN program were as follows: 

(1) HA2-2700 (cans); lot sample testing was found satisfactory 
for these. 

(2) LM105 (voltage regulator); radiation damage for all devices 
was found to be acceptable up to 60 krad(Si). 


B. ANALOG SWITCHES 

1. Diffusion-Metallization Lot Screening 

The DGM111 was the only analog switch for which sample lot screening 
was used. -This device was screened for specific circuit applications. 

The DGM111 contains MOS transistors and is normally very sensitive 
to radiation. Fortunately, the subsystem was able to use the devices, 
since the circuit bias conditions were such that these conditions 
minimized the radiation degradation; i.e., drain at +10 V, source at 
ground, and logic supply voltage at +5 V. 


2. Irradiate-Anneal 

Only samples of each diffusion-metallization lot of the three 
analog switches, DG129, DG133 and DG141, were subjected to irradiate- 
annealing, and there were no rejects. On reirradiation corresponding 
to the post-Jupiter environment, the increase in the leakage current 
Is(off) increased somewhat, as shown in the mean +3cr values tabulated 
in Table 8-4. 


C. BIPOLAR TRANSISTORS 

The bulk of the transistors were screened using date code lot 
sampling (see Section IV-B-3 for details). In addition, several lots 
of TIX 2N2222A and 2N2907A devices manufactured on a military line 
were screened by diffusion-metallization lot. A detailed discussion 
of the outlier problem is given in Section VIII-C-5. The SDT 5553 
was subjected to irradiate-annealing procedures (Section VIII-C-6). 
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Table 8-4. IRAN Diffusion-Metallization Lot Sample Screening 


Device 

Type 

Mfg. 

Parameter 

Initial 

Value 

Post-irradiation Value a at 

Indicated Dose 

and Fluence 

Post 

IRAN 

12.5 krad(Si) 

5 x 10 1 ' 

2 

e/cm 

30 krad(Si) 
1.25 x 10 12 
e/cm 2 

60 krad(Si) 
2.5 x 10 12 
e/cra 2 

125 krad(Si) 
5 x 10 12 
e/cm 2 

DG129 

SIL 

I S(off)^ nA ^ 

1 

1 

2 

6 

7.5 

15 

DG133 

SIL 

I S(off)^ nA ^ 

1 

1 

2 

6 

7.5 

15 

DG141 

SI1 

I S(off) (nA) 

3 

3 

5 

15 

30 

60 


OQ 
** a* 

hp O 

81 

ga 

a® 
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1 . Date Code Lot Sampling 

Extensive sampling on many device types provides a radiation 
history of line operation and instills confidence that outliers are 
absent over a prolonged period of time.. Table 8-5 lists the device 
types screened and the pass/fail results for hgg and IcBO- The date 
code sample screening results were compared to the values listed in 
the Preliminary Radiation Handbook (Reference 4-3). The devices were 
rejected if the values exceeded those in the handbook. The New Data 
column in Table 8-5 indicates that there was no previous data for pass/fail 
criteria. Table 8-6 lists those device types that had a 100^ screening 
failure indicated in Table 8-5, along with the subsystem usage and 
device disposition. Table 8-7 is a summary of the date code lot sampling 
results . 


2. Special Low-Saturation Requirements 

Special circuit applications required an hpg measurement of 2N2222 
devices at 0.11 V during the radiation screening test. This created 
a problem because the performance of this type of device at V C g = 0.1 V 
is very unpredictable. The test results are questionable because the 
test instrumentation did not use separate voltage and current probes. 

Any small change in Vgg will cause a very large change in the gain 
at this operating point. 

The performance appeared to be normal and predictable at the higher 
saturation voltages of 0.25 and 0.4 V. Since this part is well 
behaved at the higher saturation voltage and the saturation at 0.12 V 
is not required (except for one subsystem, which was handled separately), 
these parts were considered acceptable for Voyager applications. 


3. TIX 2N2222A and 2N2907A Diffusion-Metallization Lot Sampling 

Two lots of each device type (date codes 7533A and 7605A for 
the 2N2222A; 7507A and 7605A for the 2N2907A) were procured from the 
Texas Instruments high reliability special products group production 
line. These devices were then lot sample screened for radiation effects. 
The results are shown in Table 8-8. The rejection criteria are based 
on the previously published data in Reference 1-1. 


4. Wafer Lot Sampling 

The PWS subsystem used five different transistor types in a hybrid 
arrangement fabricated by Circuit Technology, Inc. Four dice from 
each wafer used in the hybrid circuits were mounted and sealed in a 
large transistor can and subjected to wafer lot screening. The data 
shown in Table 8-9 indicate a fairly small standard deviation (<r) in 
AO/hpg), even at low current levels where surface effects predominate. 
Much better control of the radiation effects can be achieved by resorting 
to wafer lot screening. Additional flight lots were sampled at a later 
stage with similar results. 
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OP POOR QUALITY 


Table 8-5. Pass-Fail Date Code Lot Sampling Results 
for Bipolar Transistors 






h FE 




I CB0 


Device 

Type 

Mfg. 

Pass Fail 

% Pass 

New 

Data 

Pass 

Fail 

% Pass 

New 

Data 

2N2219 

TIX 

3 

0 

100 


- 

- 

- 

- 

2N2222 

TIX 

6 

2 

75 


5 

0 

100 

- 

2N2484 

TIX 

- 

- 

- 

3 

- 

- 

- 

3 

2N2605 

TIX 

2 

0 

100 


- 

- 

- 

- 

2N2658 

SOL 

1 

1 

50 


1 

0 

100 

- 

2N2857 

MOT 

1 

0 

100 


- 

- 

- 

- 

2N2880 

SOL 

3 

1 

75 


- 

- 

- 

- 

2N2905 

TIX 

0 

2 a 

0 


- 

- 

- 

- 

2M2907 

TIX 

2 

1 

67 


3 - 

0 

100 

- 

2N2920 

TIX 

2 

2 

50 


- 

- 

- 

- 

2N2946 

TIX 

- 

- 

- 

1 

- 

- 

- 

1 

2N3501 

MOT 

0 

1 a 

0 


- 

- 

- 

- 

2N3637 

MOT 

0 

2 a 

0 


- 

- 

- 

- 

MQ2905 

MOT 

- 

- 

- 

1 

- 

- 

- 

- 

MQ22 1 9 

MOT 

- 

- 

- 

1 

- 

- 

- 

- 

SDT3303 

SOD 

1 

1 

50 


- 

- 

- 

- 

SDT3304 

SOD 

0 

1 a 

0 


- 

- 

- 

- 

SDT3323 

SOD 

1 

0 

100 


- 

- 

- 

- 

14BB101 

SOD 

0 

1 a 

0 


- 

- 

- 

- 

a See Table 8-6 

for 

further 

details . 
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lable 8-6. Device Disposition for Bipolar Transistors 
With 100% Failure for hFE 


Device 

Type 

Mfg. 

Date 

Code 

Worst-Case Gain Requirements 

2N2905 

T1X 

7418, • 
7441 

Test yield is 40, which, is accep- 
table for circuit application. 

2N3501 

MOT 

7440 

Acceptable, as there is no cir- 
cuit usage below 2 mA. 

2N3637 

MOT 

7516 

Gain required is 11.1 to 13-8; 
predicted gain is 37 to 47. 



7520 

Acceptable at 60 krad(Si). 

SDT3304 

SOD 

7518 

Acceptable at 62 krad(Si). 

14BB101 

SOD 

7529 

Gain required is 15; predicted 
gain is 22 . 



7529 

Select for high hpg. 


5. Outlier Problem 

There is a significant problem associated with the applications 
of bipolar transistors on Voyager, wherein the radiation environment 
can cause degradations of low collector current gain hpg and leakage 
currents Icbo» which seem to occur randomly and with low incidence. 
These cases of severe degradation are called outliers. In fact, it 
is generally believed that the outliers are wafer-lot dependent and 
if one has diffusion lots, then radiation test sampling, with a small 
sample size, is sufficient to identify bad lots for rejection- The 
definition of an outlier, for the purposes of this report, is a device 
> mean + 3<r. Table 8-10 lists the device type, manufacturer, number 
of devices tested,. and number of outliers observed. The greatest in- 
cidence of outliers (or bimodal distribution) was found on devices' 
manufactured by Motorola and Raytheon and in 2N2222, manufactured by 
Texas Instruments before 1973. 
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Table 8-7 . Summary of Date Code Lot Sampling Results 
for Bipolar Transistors 


Device Type 

Mfg. 

Remarks 

2N2219 

TIX \ 


2N2222 

TIX , 


2N2484 

TIX j 


2N2605 

TIX ' 

} Date code lots acceptable . 

2N2658 

SOD \ 


2N2857 

MOT 


2N2880 

SOD j 

1 

2N2905 

TIX 

hpg yield of 40 acceptable for ISS. 

2N2907 

TIX ' 

1 

2N2920 

TIX J 

> Date code lots acceptable. 

2N2946 

l 

TIX 

i 

1 

2N3501 

MOT 

hpg yield for Iq > 2 mA acceptable for ISS, 
UVS and PWR. 

21^3637 

MOT 

h F g yield of 37 to 47 acceptable for ISS; 
PWR acceptable at 60 krad(Si). 

MQ2905 

MOT ] 

1 

MQ2219 

MOT 

i Date code lots acceptable. 

SDT3303 

SOD 

1 

SDT3304 

SOD 

hgg acceptable at 62 krad(Si) for ISS. 

SDT3323 

SOD 

Date code lots acceptable. 

14BB101 

SOD 

hfg yield acceptable for ISS; 
DRIRU selected high-gain devices. 


8-12 




7:7-41., Vol . I 


Table 8-8. Diffusion-Metallization Sampling Results for 2N2222A 
and 2N2907A 


Device 

Type 

Date 

Code 

h FE 

Pass Fail 

I EB0/ I CB0 
Pass Fail 

Remarks 

2N2222A 

7533A 

X 

- 

Rejected 


7605A 

X 


Accepted 

2N2907A 

7507A 

X 

X 

Rejected 


7605A 

X 

X 

Rejected 



Table 8- 

-9. Results of Wafer Lot Sampling 

- 

Device Type Iq 

V CE , Sample 

A( 1 /hpg ) at 5x10 12 

Size 

Mean 

e/cm 2 

O' 

2N2369 

150 pA 

5 * 

8 

0.0032 

0.0004 

2N2484 

50 pA 

6 

6 

0.0082 

'0.002 


1 mA 

6 

6 

0.0026 

0.0007 

2N2605 

10 pA 

6 

8 

0.0049 

0.003 


1 mA 

6 

• 8 

0.0016 

0.0006 

2W4044 

50 pA 

6 

8 

0.00084 

0.0003 

2N5087 

50 pA 

6 

8 

0.0021 

0.0012 
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Table 8-10. Occurrence of Outliers in Bipolar Transistors 


Device 

Type 

Mfg. 

No. 

Tested 

No . of 
Outliers 


Device 

Type 

Mfg. 

No. 

Tested 

No. of 
Outliers 

28918 

MOT 

12 

0 


2N3497 

MOT 

4 

0 

28930 

TI 

6 

0 


2N3499 

MOT 

6 

0 

282060 

TI 

12 

0 


2N3501 

MOT 

11 

0 

282222 

MOT 

17 

2 


2N3637 

MOT 

19 

0 

282222 

TI 

119 

6 


283742 

MOT 

10 

0 

2N2222 

NSC 

3 

0 


2N3805 

FAS 

12 

0 

282369 

MOT 

15 

0 


KD6001 

KMC 

6 

0 

282484 

TI 

29 

0 


MQ2219 

MOT 

20 

3 

2N2605 

TI 

14 

o 


MQ2905 

MOT 

16 

1 

282658 

SOL 

31 

0 


MQ3467 

MOT 

108 

14 

2N2857 

MOT 

11 

0 


MQ3725 

MOT 

124 

1 

282880 

SOL 

24 

0 


PA7443 

RAY 

193 

6 

2N2907 

MOT 

10 

1 


SA2267 

RAY 

187 

11 

282907 

TI 

61 

0 


SDT3303 

SOL 

16 

0 

282905 

TI 

48 

0 


SDT3304 

SOL 

11 

0 

2N2920 

TI 

24 

0 


SDT3323 

SOL 

13 

0 

2N2920 

NSC 

16 

0 


SDT3403 

SOL 

5 

0 

282946 

TI 

8 

0 


SDT4905 

SOL 

5 

0 

282975 

FAS 

26 

0 


SDT5553 

SOL 

70 

0 

283057 

BAY 

12 

0 


SDT8805 

SOL 

4 

0 

2N3251 

MOT 

5 

0 


SE7056 

NSC 

10 

0 

283350 

TI 

12 

2 


SS3137 

MOT 

6 

0 

283440 

RCA 

4 

0 


SQ1079 

MOT 

24 

0 
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Table 8-10. Occurrence of Outliers in Bipolar Transistors 
( Continuation 1 ) 


Device 


No. 

No. of 


Device 


No . 

No . of 

Type 

Mfg. 

Tested 

Outliers 

1 

Type 

Mfg. 

Tested 

Outliers 

3029- 

RAY 

36 

0 

I 

96SV131 

SOD 

3 

0 

201-1 




1 

14BB101 

SOD 

7 

0 

3029- 

202-1 

RAY 

36 

0 







6. Irradiate-Anneal 

The only bipolar transistor subjected to IRAN procedures was 
the SDT 5553, a device extremely sensitive to surface ionization effects 
at low current levels. This device was used only in a shielded environment 
(less than 5 x 10 ^ e/cm^ fluence) at a collector current of 150 jjlA 
and a collector/emitter voltage of 124 V. The devices were irradiated 
to a total dose of 5 krad(Si), and all devices with a do gain of less 
than 8 were rejected. 

Pour devices from the flight lots were reirradiated to a maximum 
fluence of 1 x 10^2 e/cm^. The results are shown in Table 8-11, which 
indicates mean + 3cr values. 


D. JFET's 

1 . Date Code Screening 

N-channel JFET date code lots responded to the radiation 
environment either by showing uniformly low leakage currents , in which 
case no additional testing was required; or by having uniformly high 
leakage currents, thereby requiring heavy shielding; or exhibiting 
mixed results, in which case screening was applicable (see Section 
1V-B-3 and Section VIII-D-2 for additional details). Table 8-12 lists 
the device types subjected to date code or radiation screening as well 
as the disposition of the lot. 
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Table 8-11. Post-reirradiation Values for SDT 5553 





Fluence, e/cm 2 


Parameter 

Conditions 

1 x 10 11 

2.5 x 10 11 

5 x 10 11 

1 x 10 12 

A( 1/h f E) 

I c = 0.15 mA, 
VCE = 124 V 

0.0091 

0.0415 

0.1220 

0.335 

A( 1/hpjr) 

Ic = 1 mA, 
V CE = 18 V 

0.0033 

0.0148 

0.0340 

0.09 


2 . Irradiate-Anneal 

A number of n-channel JFET's were irradiated to 60 krad(Si) using 
a cobalt 60 source. The device types selected were prone to inversion 
layer formation due to a lightly doped base region, resulting in large 
increases in the gate-source leakage current Igss a fter irradiation. 

The irradiated devices were not subjected to annealing. A few devices 
were reirradiated by electrons to a fluence of 5 x 10^ 2 e/cm 2 , resulting 
in a total accumulated dose of 185 krad(Si), in order to characterize 
the worst-case behavior of the devices at Jupiter. 

The only JFET's subjected to IRAN were the 2N4856, 2N5196, 2N5520, 
and 2N5556. The flight lots of these devices showed a very varied 
response, so that IRAN was a necessity. A significant number of rejects 
was obtained, as shown in Section IV-B-4-a. The increase in leakage 
current on reirradiation, corresponding to the post- Jupiter environment, 
is indicated by the mean + 3cr values in Table 8-13. 

The 2N4093> 2N4393, and 2N5906 flight lots were found to be extremely 
radiation sensitive, requiring shielding; i.e., no screening is possible 
if all the devices are bad . Lot-sample testing was found to be satis- 
factory for the 2N4391 and 2N4393; the sample contained no reject devices. 


E. CMOS SCREENING 

1 . Quiescent Supply Current Iss 

In the wafer screening program, RCA supplied ten sample devices 
from each wafer. Initially, ten devices were irradiated, but this 
proved too time-consuming and was later reduced to five devices . 
Radiation was provided by a cobalt 60 source. 
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Table 8-12. Results of JFET Date Code and Radiation Screening 





Number of 


Device 

Lot 

Date 

Devices 


Type 

Trace No. 

Code 

Tested 

Disposition 

2N3066 

- 

- 

14 

No need for screening. 

2113686 A 

- 

- 

8 

No need for screening. 

2ft 40 93 

E0600 

7421 

11 

Subsystem must shield to 


W0738 



<25 krad(Si) . 

2N4093 

fo0738 

7421 

11 


2N4391 

E0601 

7420 

11 

Subsystem must shield to 


W0739 



<25 krad(Si) . 

2N4391 

Vv0739 

7420 

11 


2W4392 

In 1274a 

7505 

11 

No need for screening. 

2N4393 

E2337B 

7510 

11 

Subsystem must shield to 


W 1 843 



<25 krad(Si) . 

2N4416 

- 

7525 

11 

No need for screening. 

2N4856 

E3290 

7524 


100% screening at 60 

2N4856 

E3699 

7509 


krad(Si) required. 55 

2N5196 

EO 787 

7436 

11 

100% screening at 60 


W1020 

7430 


krad(Si) required. 15 

2ft 5520 

W3667 a 

7526 

11 

100% screening at 60 
krad(Si) required. 15 

2ft 5556 

None 

7536 

12 

100% screening at 60 


None 

7512 


krad(Si) required. 15 

2M5520 

E3036 

W3667 

7518 

- 

Lot rejected. 

2K5906 

- 

- 


Subsystem must shield to _ 
<10 krad(Si). 

a Unscreened . 




b Deviees 

subject to 

IRAN without annealing 

(see Section VIII-D-2) . 
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Table 8-13. Results of JFET Reirradiation 


Value 


No. of Devices 3, 


After Indicated Dose, krad(Si) 
After 


Device 

Type 

Mfg. 

Parameter 

Controlled 

Ini- 

tial 

First Ir- 
radiation i 

12.5 

30 

60 

125 

A 

B 

C 

2N4856 

SIL 

I GSS ^ nA ^ 

0.25 

0.5 

1.21 

2.3 

4.6 

16.7 

298 

65 

9 

2N5196 

SIL 

I GSS (nA) 

0.025 

0.1 

0.1 

0.15 

0.25 

0.8 

124 

17 

5 

2N5520 

SIL 

I GSS^ nA ^ 

0.025 

0.1 

0.19 

0.26 

0.45 

1.1 

21 

0 

9 

2N5556 

SIL 

I GSS (nA) 

0.1 

0.25 

0.4 

0.7 

1.5 

3.8 

96 

28 

4 


a A Screened. 

B Rejected. 

C Reirradiated. 
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The quiescent supply current Igg was measured with all input 
terminals to ground and with all input terminals connected to 10 V. 

The wafer was rejected if any samples exceeded 100 times the 25°C military 
or JPL pre-irradiation specification limit (see Table 8-14). The rejection 
rate at 150 krad(Si) was less than 10? for some simple circuits (gates 
and flip-flops) and greater for complex and large area circuits (counters, 
shift registers, multiplexers, and buffers). 

The test dice were not specially screened for Igg before irradiation. 
As indicated in Figure 8-1, 75 percent of the devices (Group 1) had 
leakage currents below 1 nA, another 20 percent (Group 2) possessed 
greater leakage currents, but sufficiently low to pass the JPL specifi- 
cations, whereas the remaining 5 percent (Group 3) would have been 
rejected in pre-irradiation screening. The post-irradiation data for 
Group 1 (Figure 8-2) shows a reasonable Gaussian distribution, but 
with the rejection limit set so as to cause a 12? rejection rate. 

The more than 10,000-fold increase in Igs appears to be the best that 
can be achieved on this type with the modified annealing process, and 
is attributed to the shift in toward 0 V (see Section VI-B for 
a discussion of CMOS hardening). 

Group 2, with marginal pre- irradiation properties, produced a 
post-irradiation yield of only 66 percent (see Figure 8-3a and b). 

A preliminary study on the variation of Igg over a given wafer 
after irradiation indicates a tight distribution in some wafers, while 
other wafers exhibit a great deal of variability. This is in agreement 
with the general lot variability of the product observed during radiation 
screening. 

The distribution of Igg has been analyzed for a number of different 
device types and for both forming gas and nitrogen annealing. The results 
for the CD4052 and CD4049 are shown in Figures 8-4 through 8-11. The data 
indicate that a number of bimodal distributions are caused by lack of 
process control, but that nitrogen annealing offers a substantially better 
product. The data that have been analyzed in this manner are summarized 
in Table 8-15. It is evident that the rejection limits do remove lots with 
lack of surface control. The rejection limits were chosen to screen out 
wafers with catastrophic devices or with Igg higher than acceptable to the 
project systems designers. The yield figures of the wafer screening program 
are summarized in Table 8-1 6. 
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Figure 8-1. Pre- irradiation Current for RCA CD4006, 
Groups 1, 2, and 3 
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88% YIELD 



i ^ i i i i i i n i i i i i i 

300 I 3 10 30 100 300 1 3 10 30 100 300 1 3 10 

pA — ►'I** 0 nA "»{•< - /i.A *4** — roA — — 

CURRENT 

Figure 6-2. Post-irradiation Current for RCA CD4006, Group 1 
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UNITS WITH PRERADIATION l ss , 
>1 nA AND < 300 nA (ST LIMIT) 


REJECTION 
LIMIT 30 /i A 



CURRENT 


Figure 8-3a. Post-irradiation Current for RCA CD4006, Group 2 


POSTRADIATION Ijj, OF UNITS WITH 
PRERADIATION t s$| > 300 nA (ST LIMIT) 


REJECTION 
LIMIT 30 fiA 



1 3 10 30 100 300 1 3 10 



CURRENT 

Figure S-3b. Post-irradiation Current for RCA CD4006, Group 3 
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Table 8-14. Electrical Specifications and Rejection Criteria for I ss Wafer Screening 


Device 

Type 

Electrical Specification 
Maximum Limit at 2*S °C 

Device 

Type 

Electrical Specification 
Maximum Limit at 25 °C 

Pre-irradiation 

nA 

Post-irradiation 

p.A 

Pre-irradiation Post 
nA 

-irradiation 

pA 

CD4001 

25 

2.5 

CD4027 

250 

7.5 

CD4002 

25 

2.5 

CD4028 

500 

7.5 

CD4006 

25 

30 

CD4029 

500 

.50 

CD4011 

25 

2.5 

CD4030 

50 

5.0 

CD4012 

25 

2.5 

CD4031 

2000 

100 

CD4013 

250 

7.5 

CD4035 

500 

50 

CD4014 

500 

50 

CD4040 

1000 

50 

CD4015 

500 

50 

CD4042 

2000 

25 

CD4016 

75 

7.5 

CD4043 

2000 

25 

CD4017 

500 

50 

CD4049 

75 

7.5 

CD4019 

75 

7.5 

CD4050 

75 

7.5 

CD4021 

500 

50 

CD4051 

500 

50 

CD4023 

25 

2.5 

CD4052 

500 

50 

CD4025 

25 

2.5 

CD4053 

500 

50 
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Table 8-15. Analysis of I ss data 


Device 

Type 

Function 

Annealing 

Gas 

Distri- 

bution 

Peak of 
Prime 
Devices 

Other 

Peaks, 

pA 

Rejec- 

tion 

Limit, 

pA 

CD4006 

18-stage 
shift register 

Forming 

gas 

Gaussian 

10 pA 


30 

CD4019 

Quad AND -OR 
gate 

Forming 

gas 

Gaussian 

5 nA 


7. 5 



Nitrogen 

Gaussian 

20 nA 


7.5 

CD4027 

Dual flip- 
flop 

Forming 

gas 

Gaussian 

20 nA 


7.5 

CD4029 

Up /down 
counter 

Forming 

gas 

Bimodal 

50 nA 

20 

50 



Nitrogen 

Bimodal 

5 nA 
50 nA 

2 

50 

CD4049 

Hex-buffer 

Forming 

gas 

Bimodal 

50 nA 

2 

7.5 



Nitrogen 

Quasi- 

Gaussian 

20 nA 

2 

7.5 

CD4052 

Multiplexer 

Forming 

gas 

Bimodal 

3 nA 

2 

30 

50 



Nitrogen 

Gaussian 

500 nA 


50 
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( 121 ) 



CURRENT 

Figure 8-4. Pre-irradiation Current for RCA CD4052A Multiplexers 
With 950° C Gate Oxide Anneal in Forming Gas 




pA "A /.A 

CURRENT 


Figure 8-5. Post-irradiation Current for RCA CD4052A Multiplexers 
With 950° C Gate Oxide Anneal in Forming Gas 
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pA 4 * nA 4* aA 


CURRENT 

Figure 8-6. Pre-irradiation Current for RCA CD4052A Multiplexers 
With 950°C Gate Oxide Anneal in Nitrogen 
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CURRENT 

Figure 8-8. Pre-irradiation Current for RCA CD4049 With 950°C Gate 
Oxide Anneal in Forming Gas 



Figure 8-9. Post-irradiation Current for RCA CD4049 With 
950°C Gate Oxide Anneal in Forming Gas 
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CURRENT 

Figure 8-10. Pre-irradiation Current for RCA CD4049 With 
950° C Gate Oxide Anneal in Nitrogen 



pA » | «» nA -fiA 

CURRENT 


Figure 8-11. Post-irradiation Current for RCA CD4049 With 
950° C Gate Oxide Anneal in Nitrogen 
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The wafer screening of Igg is expensive but necessary in view of 
the lack of safety margin shown in the distribution, the presence of 
outliers, and the bimodal distributions. For future programs, radiation 
screening of n-ehannel and p-channel test transistors associated with 
each wafer should be considered, since the absolute values of post- 
irradiation Vx n and V^p are more fundamental parameters directly related 
to oxide and interface states. At present V^p is not screened, and 
this produces a barely tolerable variation in the propagation time. In 
future programs, other process controls involving capacitor measurements 
should be considered in direct collaboration with the manufacturer. Such 
controls have been described in a paper by Gregory (Reference 8-1). 


2. Transmission Gate Leakage Ip, 

The multiplexers CD4051, CD4052, and CD4053 were subjected to 
an additional screening. The off leakage current through all transmission 
gates in parallel was required to be less than 100 nA, measured with 
all switch inputs at 10 V and the outputs at ground (Ip^j and less 

than 100 mA for the CD 4052 and CD 4053, with all switch outputs at 
10 V and the inputs at ground (Ip^)- This resulted in a yield of about 

50% for these device types. The leakage current limit for the CD4051 
was originally set at 3 pA, but improvements after switching to nitrogen 
annealing enabled the limit to be reduced to 100 nA. 

Figures 8-12 and 8-13 show the distribution of the Ip, 2 leakage 

current before and after irradiation respectively, for devices annealed 
in forming gas. It may be seen that prime pre-irradiation devices 
show a bimodal distribution after irradiation, resulting in a high 
yield loss. This problem was solved by switching to nitrogen annealing. 
The pre-irradiation distribution (Figure 8—1 4 ) was the same as before, 
but the post-irradiation data (Figure 8-15) showed a more Gaussian 
distribution, though with a few outliers beyond 1 pA. The Igg data 
for the same devices, shown in Figures 8-4 through 8-7, exhibit a very 
similar behavior. 
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pA nA ►{■« /iA 

CURRENT 


Figure 8-12. Pre- irradiation Switch Leakage Current for 
RCA CD4052A Multiplexers with 950 °C Gate 
Oxide Anneal in Forming Gas 
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Table 8-16. 


Forming Gas Anneal 
No . of Wafers 


Device 

Type 

Tested 

Passed 

% Pass 

CD4001 

24 

20 

83 

CD4002 

11 

9 

82 

CD4006 

123 

66 

54 

CD4011 

41 

37 

90 

CD4012 

10 

9 

90 

CD4013 

12 

12 

100 

CD4014 

16 

14 

87.5 

CD4015 

22 

21 

95 

CD4016 

16 

15 

94 

CD4017 

- 

- 

- 

CD4019 

22 

22 

100 

CD4021 

85 

77 

91 

CD4023 

7 

6 

86 

CD4025 

14 

12 

86 


CD4027 


113 


101 


89 


Data at 150 krad(Si) 


Nitrogen Anneal 
No. of Wafers 

Total 

Tested Passed % Passed Devices Tested 

79 20 25 528 

68 


99 

96 

97 

1155 

- 

- 

- 

217 

35 

33 

94 

237 

16 

16 

100 

147 

22 

22 

100 

208 

16 

16 

100 

206 

15 

14 

93 

165 

4 

4 

100 

30 

59 

47 

80 

419 

66 

54 

82 

785 

21 

21 

100 

149 



_ 

87 




29 


28 


97 
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Table 8— 1 6 . Screening Data at 150 krad(Si) 
(Continuation 1) 


Device 

Type 

Forming Gas 
No. of Wafers 

Anneal 

Nitrogen 
No, of Wafers 

Anneal 

Total 

Devices Tested 


Tested 

Passed 

% Passed 

Tested 

Passed 

% Passed 


CD4028 

24 

24 

100 

16 

16 

100 

215 


CD4029 

147 

125 

85 

175 

133 

76 

1646 


CD4030 

12 

0 

0 

16 

16 

100 

147 


CD4031 

146 

115 

79 

- 

- 

- 

773 


CD4035 

63 

57 

90 

29 

14 

48 

489 


CD4040 

28 

19 

68 

116 

101 

87 

435 


CD4042 

- 

- 

- 

25 

18 

72 

129 


CD4043 

- 

- 

- 

18 

16 

89 

100 


CD4047 

_ 

_ 

_ 

34 

32 

94 

180 


CD4049 

133 

88 

66 

158 

96 

61 

1519 


CD4050 

66 

51 

77 

- 

- 

- 

356 


CD4051 

120 

62 

52 

74 

72 

97 

1011 


CD4052 

44 

10 

23 

159 

129 

81 

1035 

Se? 

CD4053 

60 

42 

IQ— 

88 

52 

33- 

760 


TOTAL 

1359 

1014 

75% 

1369 

1066 

77% 

13,940 
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Figure 8-13- Post- irradiation Switch Leakage Current for 
RCA CD4052A Multiplexers Vi ith 950° C Gate 
Oxide Anneal in Forming Gas 
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Figure 8-14. Pre- irradiation Switch Leakage Current for 
RCA CD4052A Multiplexers With 950° C Gate 
Oxide Anneal in Nitrogen 
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Figure 8-15. Post- irradiation Switch Leakage Current for RCA CD4052A 
Multiplexers Nith 950°C Gate Oxide Anneal in Nitrogen 


3 . Gate Turn-On Voltage Vqs 

Three to five test pattern dice were selected at random from each 
metallization lot. The test pattern dice contain individual n- and p- 
channel transistors and MOS capacitors. Measurement of Ips vs Vqs 
of the two transistors was made before and after a dose of 1.15 x 10^ 
rad(Si). Figures 8— 1 6 and 8-17 show an example of the distribution 
of Vxt) before and after irradiation. Figure 8— 1 8 and 8-19 show V T p. 

The distribution of the relative shift in the gate turn-on voltages 
is shown in Figure 8-20. The figures show the 10-pA values only. 

The shifts were much greater at lower currents. 


*0 

CJ 
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Figure 8-16. Pre-irradiation Threshold Voltage of n-Channel 
Transistor on Test Pattern TA 6372 With 950° C 
Gate Oxide Anneal in Forming Gas 



i 

Figure 8-17. Post-irradiation Threshold Voltage of n-Channel 
Transistor on Test Pattern TA 6372 With 950° C 
Gate Oxide Anneal in Forming Gas 
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Figure 8-18. Pre-irradiation Threshold Voltage of p-Channel 
Transistor on Test Pattern TA 6372 With 950° C 
Gate Oxide Anneal in Forming Gas 


188 DEVICES I ds = 10/iA 



Figure 8-19. Post- irradiation Threshold Voltage 
of p-Channel Transistor on Test 
Pattern TA 6372 With 950° C Gate 
Oxide Anneal in Forming Gas 
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Figure 8-20. Distribution on AVqs at Ids Aft er 1/5 x 10*^ rad(Si) 


*1. Lots Screened at Less Than 150 krad(Si) 

For several lots, the acceptance criterion used was a total dose 
of less than 150 krad(Si). Table 8-1? lists the device types, lots, 
conditions, and subsystems involved. Due to severe delivery problems 
with these device types, the subsystem cognizant engineers chose to 
accept the marginal devices where their requirements permitted. Run 
3722 was not used, as other devices screened to 150 krad(Si) became 

available prior to delivery of run 3722. Disposition of runs 3225 
and 3193 were as indicated in Table 8-17. Figures 8-21 and 8-22 show 
the behavior of lot 3193 compared to a typical accepted lot. Both 
the quiescent supply current and the transmission gate leakage current 
were substantially worse for lot 3193. 
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Figure 8-21 . Comparison of a Rejected to an 
Accepted CD4053B Lot for Igg-j 
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Figure 8-22. Comparison of a Rejected to an 
Accepted CD4053B Lot for 


F. CRYSTAL OSCILLATORS 

Crystal screening typically consisted of the manufacturer's fabrica- 
ting three to six samples from a crystal bar and sending them to the 
JPL subsystem user. The sample crystals were then irradiated, and 
the crystal bar was accepted or rejected. Crystals for flight use 
were fabricated only from accepted bars, with no additional radiation 
testing. In general the crystals did not degrade significantly from 
the radiation environment and posed no special problems. 
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Table 8-17* Diffusion Lots With Acceptance Criteria for a Total Dose of Less Than 150 krad(Si) 


Device 

Type 

Diffusion 

Run 

Dose, 

krad(Si) 

No. 

of Wafers 


Tested 

Passed 

Potential Subsystem Users a 

CD4001 

3722 

60 

19 

19 

No devices delivered or used. 

CD4029 

3225 

60 

18 

14 

MAG < 60 krad(Si) 


IRIS, UVS, and CRS, 2 each, 
Spares only. 

FDS — replaced 60-krad(Si) 
devices with 150-krad(Si) 
devices through special RCA 
buyout 

MIRIS < 35 krad(Si) 

CD4053 3193 30 10 10 ISS(ADC) < 15 krad(Si) 

IRIS < 30 krad(Si) 


Subsystem abbreviations are identified in the Definition of Identification Codes. 
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SECTION IX 

CONCLUSIONS AND RECOMMENDATIONS 


A. ORGANIZATION OF HARDENING EFFORT 

In the Voyager program, radiation was originally not considered 
to be a problem. Subsequently, Pioneer Jupiter flybys indicated the 
presence of strong radiation belts, which led to an intensive program 
to harden the existing Mariner design. At this point, there was not 
sufficient time to undertake a device-hardening program except in the 
case of the LM108 and LM102 operational amplifiers and the CMOS CD4000 
series, where hardening resulted in improved devices. 

A radiation characterization of all sensitive device types was 
carried out, accompanied by a worst-case circuit analysis which led 
to redesign where required. However, in most cases the subsystems, 
because of scfiedule and resource constraints, were locked into the 
existing design and previously selected device types, so that spot 
shielding had to be used. In some instances the shielding level had 
to be as low as 10 krad(Si).. In addition, some inherently very soft 
devices were used, e.g., the LM139 comparator, the DG181 analog switch, 
and the ICL 8018 analog-to-digital converter. All these devices required 
heavy shielding. A further essential step in ensuring survival in 
the Jupiter radiation belt was an extensive screening program that 
included wafer lot sampling of CMOS and hybrids, diffusion lot sampling 
of linear IC's, irradiate-anneal screening, date code lot sampling 
of transistors, and radiation lot sampling of flight parts. 

It is possible to design systems hard to at least 10& rad(Si), 
provided this is made the objective of the program at the outset. 

In order to achieve such hardness, the program requires a centralized 
organization that rigidly enforces the following requirements: 

(1) Radiation-hard circuit design, including worst-ease circuit 
analysis that is tolerant of some device degradation caused 
by the radiation environment. 

(2) Device selection of components that are relatively radiation- 
hard, coupled with a radiation characterization program. 

.(3) A hardness assurance program used in the procurement of 

devices with well-defined radiation characteristics. Radiation 
screening of flight parts forms an essential part of such 
a program. 

(4) A development program for hardening soft devices that are 

considered essential and that cannot be adequately shielded. 
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B. DEVICE SELECTION 

Radiation degradation can usually be improved by the judicious 
selection of device manufacturers and device types. This approach 
was severely limited on Voyager, due to time constraints and the require- 
ment for the use of existing designs and equipment . Device type and 
manufacturer selection is a desirable approach on any program subject 
to damaging radiation environments. This is due to the fabrication 
techniques used by the different manufacturers and the inherent problems 
in CMOS and in certain linear integrated circuits . 

In addition, transistors should be selected so that they can 
be operated near their Ig/hpg peak. Although devices procured from 
military-controlled production lines are not necessarily harder than 
the commercial devices, they do have the desirable feature of lot trace- 
ability. Procuring commercial devices which are not traceable and 
then radiation screening them is not a desirable method. 


C. HARDENING 

1 . Introduction 

All the Voyager hardening efforts were accomplished by the manufacturer 
with minimum funding using empirical techniques. This approach should 
be avoided in future programs. In general, radiation-hardening represents 
a trade-off between shielding, device hardening, device selection, 
and circuit design. 

Shielding is practicable only for essential device types that 
are used in very small quantities. Commonly used devices that are 
inherently soft must be hardened, e.g., CMOS and bipolar linear devices. 

All devices subject to catastrophic failure modes must be either hardened 
or shielded. 

Surface ionization effects in semiconductor devices depend critically 
on the wafer fabrication process. It is therefore sometimes possible 
to obtain a more radiation-resistant device by substituting the product 
of one vendor for another. Conversely, the radiation resistance may 
deteriorate very suddenly because of intentional or unintentional process 
changes on the line. Radiation hardness assurance procedures are needed 
to safeguard the devices against such a possibility. 

Bipolar transistors should be selected according to certain principles, 
giving preference to transistors with low breakdown voltages and with 
epitaxial construction . It is also very important to choose transistors 
so that they can be operated with collector currents near the maximum 
gain point. In order to radiation-harden circuits, it is important 
to apply design rules that allow for the operation of devices with degraded 
parameters as long as they are still functional. 
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2. Bipolar Linear Devices 

The HA2700, LM108A and LM101A operational amplifiers, together 
with the LMIIIand LM139 comparator, have been shown to exhibit sig- 
nificant degradation at fluences well below 10^ rad(Si). Both Pioneer 
and Voyager currently are using all of these device types and it is 
highly probable that they will be required on a Jupiter Orbiter. 


3 . CMOS Devices 


It is expected that there will be an extreme desire to make wide- 
spread use of the standard 4000 series CMOS devices. The best available 
production devices today in terms of radiation-hardening utilize the 
modified oxide anneal process developed for Voyager. These devices are 
marginally good at 10^ rad (Si) but fail catastrophically prior to 10° 
rad(Si) . 


Several hardening techniques are currently under investigation 
by the military; most of these efforts are directed toward developing 
a hard gate insulator material. 

Of the many programs underway, the one that will likely benefit 
future programs the most is about to be initiated by the Air Force 
Materiel Laboratory (AFML). A manufacturing methods program is planned 
to be established by AFML during this calendar year. The intent is to 
bring into production 4000 series CMOS/bulk devices which are radiation- 
tolerant to 10^ rad(Si). 


4 . Analog Switches 

Three device types (DG129, DG133, DG141) from one analog switch 
family represented approximately 70 percent of the total Voyager require- 
ments. The driver is a monolithic bipolar device containing lateral 
pnp transistors. N-channel JFET’s are used as the switches. Radiation 
characterization tests have been performed up to 10^3 e/cm^. At that 
level the devices showed an increase of more than an order of magnitude 
in on resistance and a severe degradation in their dynamic switching 
characteristics dependent on the bias conditions during irradiation. 

The DG129 and DG133 also exhibited large increases in leakage current, 
which were lot dependent and resulted from inversion layer formation 
in the JFET's. 

, The DG181, which is of a different family, made up the balance 
of the Voyager requirement. The driver is a monolithic device containing 
both bipolar and M0S transistors. N-channel JFET’s are used as the 
switches. Radiation tests for Voyager found the driver to be extremely 
radiation sensitive, and the devices required shielding down to 1.25 
x 10^2 e/cm^. 
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D. RADIATION HARDNESS ASSURANCE 

With respect to hardness assurance for total ionizing dose, the 
work done in support of Voyager is likely as large in magnitude as 
the total of all work done previously. The approaches taken were selected 
in a climate of immediacy, and although they satisfied the Voyager 
need, there are some shortcomings associated with them. Examples of 
their deficiencies are (1) degradation in radiation tolerance is not 
detected until devices are essentially ready for delivery, and rejection 
at that stage often impacts subsystem fabrication schedules, (2) bipolar 
transistors are not subject to sufficient lot control. Hardness assur- 
ance methods with greater rigor, as well as improved cost effectiveness, 
will be required for future programs. 

Emphasis should be placed on utilization of methods that can 
be applied at the earliest possible time in the processing cycle. 

The final specifications should be tailored to best suit the particular 
device technology and the process flow of each manufacturer. All test 
methods, sampling procedures, and guaranteed device specifications 
at 10^ rad (Si) should be included. 


E. RADIATION TESTING AND DOSIMETRY 

In general, the radiation test program was successful. Over 
200 device types were characterized in a radiation environment, over 
230 IC and transistor screening tests were conducted, and over 13,000 
CMOS devices were radiation screened, using four subcontractor test 
organizations. The controlling test document was the Radiation Test 
Requirement (RTR) plan. The RTR's were extremely useful in carrying 
out the above-cited test programs due to the versatility of the RTR, 
which allowed its use for all the .device types tested under the various 
test conditions. 


F. RECOMMENDATIONS 

The following recommendations would improve the effectiveness 
of future programs : 

( 1 ) Emphasis should be placed on radiation hardening of circuits 
via design during the design phase. 

(2) The parts program should be started as early as possible 
to allow adequate time for radiation characterization and 
collection of degradation data to be used by circuit designers. 

(3) Device radiation hardening should be initiated and preferably 
completed as a pre-project activity. 

(4) All transistors and IC's should have diffusion lot traceability. 

(5) More emphasis should be placed on detailed written radiation 
test procedures. 
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(6) Correlation between different dosimetry methods should 
be studied and approved. 

(7) Devices for radiation characterization testing should be 
procured very early in the program. 
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